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CHAPTER 1. INTRODRUCTION 
 
Introduction 
As the main carrier of genetic information, the genome plays a critical role in 
transmitting hereditary characteristics from one generation to the next. Most genomes are 
encoded in DNA except some viruses, which use RNA as their genetic material. The 
traditional DNA sequencing methods include the Maxam-Gilbert method (Maxam and 
Gilbert, 1977) and the Chain-termination method (Sanger and Coulson, 1975). With those 
methods, more than 360 bacterial genomes and 130 eukaryotic genomes have been fully 
sequenced in the last thirty years (http://www.ncbi.nlm.nih.gov/genomes/static/gpstat.html). 
However, those methods are pretty expensive and time-consuming. Recently, new low-cost 
sequencing menthods have been developed and are commonly referred to as next-generation 
sequencing (NGS) methods. These new methods have decreased the cost and time to 
sequence a genome dramatically which has lead to a huge increase in the number of publicly 
available genomes and in-progress genome projects. For example, in 2008, several institutes 
corporately launched the 1000 genomes project and the 1000 plant genome project 
(http://www.1000genomes.org/; http://www.onekp.com/). In January 2010, Beijing 
Genomics Institute announced that they had completely sequenced over 50 eukaryotic 
genomes and were working on another 100 genomes. 
 
Comparing to the tremendous number of genomes available and their accelerating release 
speed, annotation is still largely confined to a few model species. Correspondingly, the study 
of genomic features focuses on those limited number of model species. For example, (Chung 
et al., 2006) found that, in Arabidopsis, introns in the 5'-UTR of protein-coding genes have 
different length distribution and nucleotide composition compared to the introns in the CDS 
and 3'-UTR. And also the occurrence of introns is not evenly distributed with significantly 
high density in CDS and 3'-UTR compared to that in 5'-UTR. (Carels and Bernardi, 2000) 
surveyed three monocots and six dicots and claimed that there are two kinds of genes, GC-
rich genes with fewer and short introns and GC-poor genes with numerous and long introns. 
Taking Arabidopsis as the model, (Alexandrov et al., 2006) gave a detailed statistical 
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analysis of gene structures and found that the transcription start sites are associated with a 
CG-skew peak and the flanking genes of the short intergenic region are mostly transcribed 
towards one another.  
 
To generalize those findings and facilitate the study of genome features described for the 
few model species relative to many other genomes, an overview to summarize genomic 
features conserved or changed across many species is in need. The study confirmed that 
monocots have high GC content in genome, gene, and CDS compared to dicots respectively. 
No obvious relationship between genome sizes and the number or the length of genes was 
found. The length of most introns in CDS and 3'-UTR falls into an interval between 70 bps 
and 110 bps. However, Arabidopsis has a significantly higher ratio (~50%) than other species 
(~25%). And also introns in CDS prefer phase 0 instead of phase 1 or phase 2. The GC-skew 
and AT-skew show different patterns based on codon positions. Purine dominates the first 
codon position. The GC- and AT-skew skew left greatly at the 2nd and 3rd position 
respectively, which is kind of balancing the 1st position. The AT-skew in the 2nd position is 
almost symmetric. The GC-skew in the 3rd position can be classified into two groups, 
symmetric for monocots, and slightly skew right for dicots. This finding partially verified a 
previous study (Gutierrez et al., 1996), which took E.Coli as the model and found that the 
higher frequencies of base G at first, of base A at second and of base C at third codon 
position are correlated to the increasing translation efficiency. 
 
Besides summarizing the generalized features cross all ten plant species, a handy tool to 
parse particular sequences of interest for any species was developed and present in Chapter 2. 
Different from the previous tools such as the GFF3::Sequence package in Bioperl (Stajich et 
al., 2002) and the BioMart tool (Haider et al., 2009), which need additional coding and are 
inconvenient to most users, this tool takes the standard genomic sequences and GFF3-format 
annotation file as input to parse particulare sequences of interest for particular studies, such 
as CDS to analyze codon usage, exons and introns to train classification parameters, and 
genes to discover species-specific genes in comparative genomics. 
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Comparative genomics allows investigating many questions of evolutionary and 
functional significance of sequence features. By associating the species-specific genes with 
the unique characteristic of that species, researchers can find the potiential relationship 
between genotype and phenotype. For example, (O'Sullivan et al., 2009) compared 11 lactic 
acid bacteria genomes and found six dairy-specific and three gut-specific genes. To 
determine the species-unique or homolog genes, orthoMCL (Li et al., 2003) is the most 
popular method, which uses BLAST to calculate the pairwise gene similarity and a Markov 
Cluster algorithm to group orthologs and paralogs. Besides the existence or absence of 
gene(s), discovering the evolutionary pressure of common genes is another contribution of 
comparative genomics.  (Miller et al., 2004) compared genomes of three mammals (human, 
mouse, and rat) and found that about five percent of human genomes are undergoing 
purifying selection, which means those regions are conserved in evolution and critical to 
survive. After comparing functions of genes under positive selection, they claimed that the 
positive selection is related to acquire new functions. Phylogenetic tree is another application 
of comparative genomics to infer evolutionary relationship and to estimate diverge time 
based on the sequence similarity. Considering the importance and broad application of 
comparative genomics, a lot of software and websites have been developed to perform 
comparative genomics analysis, such as CoGe (Lyons et al., 2008), a web-based comparative 
genomics platform, Mauve (Darling et al., 2004), software to perform multiple alignment of 
close-related genomes, and PlantGDB (http://www.plantgdb.org) (Duvick et al., 2008), a 
collection of plant genomes and resource of comparative genomics.   
 
Xanthomonas, with the small genome size and plenty of genome sequences available, is 
the ideal model to perform comparative genomics analysis. As a large genus of Gram-
negative bacteria, Xanthomonas is the cause of many plant diseases. The genome size of 
Xanthomonas is about 5 Mbps, which encodes about 4,500 protein coding genes. Until now, 
ten strains have been fully sequenced and annotated. Based on their hosts and tissues, those 
strains can be classified into four groups, monocot vascular, dicot vascular, monocot non-
vascular, and dicot non-vascular. Previous study identified several gene clusters related to the 
infection, which include the gum gene cluster for extracellular polysaccharide synthesis 
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(Hassler and Doherty, 1990; Katzen et al., 1998), the xps and xcs gene clusters for type II 
secretion (Dow et al., 1989; da Silva et al., 2002), the hrp gene cluster for type III secretion 
(Arlat et al., 1991), the rpf gene cluster for regulation of pathogenicity factors (Dow et al., 
2003), and the lps gene cluster involved in synthesis of lipopolysaccharide (Dharmapuri et al., 
2001; Vorholter et al., 2001). However, the reason that leads to those host- and tissue-
specificity is still unknown.  
 
To detect the possible determinants of host- and tissue-specificity, Chapter 3 of this 
thesis compared those six pathogenesis-associated gene clusters on eight strains of 
Xanthomonas. Those eight Xanthomonas strains are classified into four groups based on their 
tissue- and host-specificities. The results showed that most clusters are conserved except lps 
and xcs clusters. All conserved genes in those clusters were further tested for the 
evolutionary selection pressure. Only three genes, hpaP, hpaA, and hrpE, are under the 
positive selection and tend to obtain new functions in evolution. Besides this, all strain-, 
tissue-, and host- specific genes were detected and listed using the whole genome-wide 
comparison with all annotated protein coding genes. 
 
Cis-regulatory elements, as potential transcription factor binding sites, play an important 
role in regulating gene expression. In general, there are two ways to detect cis-regulatory 
elements: experimentally, such as ChIP-chip and ChIP-seq (Park, 2009) to detect genome-
wide protein binding sites, and computationally (Wasserman and Sandelin, 2004). The 
existing computational methods can be further divided into three classes (Van Loo and 
Marynen, 2009), cis-regulatory modules (CRM) scanners, CRM builders, and CRM genome 
screeners. CRM scanners scan sequences using position weight matrices (PWM), which are 
predefined. The tools in this class include Cister (Frith et al., 2001), CIS-ANALYST 
(Berman et al., 2002; Berman et al., 2004), and MSCAN (Johansson et al., 2003). CRM 
builders take a batch of co-regulated or co-expressed genes as input to find the over-
represented motifs. The tools in this class are subdivided into two groups based on the source 
of PWM, 1) building their own PWM, such as CisModule (Zhou and Wong, 2004) and Gibbs 
Module Sampler(Thompson et al., 2004), and 2) using PWM libraries, such as 
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ModuleSearcher (Aerts et al., 2003; Aerts et al., 2004), and CRÈME (Sharan et al., 2003 
2004). CRM genome screeners search for CRMs as homotypic and/or heterotypic clusters 
without any previous assumption. TraFaC (Jegga et al., 2002) and Regulatory Potential 
(Elnitski et al., 2003; Kolbe et al., 2004) belong to this class. Overall, CRM scanners give the 
best outcomes, but need additional information. Considering the importance of cis-regulatory 
elements, many databases have been generated to store experiment-proven or potential cis-
regulatory elements, which include TRANSFAC (Matys et al., 2006), JASPAR (Sandelin et 
al., 2004), PlantCARE (Rombauts et al., 1999), cisRED (Robertson et al., 2006), REDfly 
(Halfon et al., 2008), and PLACE (Higo et al., 1998), How to bridge those pieces into an 
intact flow chart is still missing.  
 
The chapter 4 of this thesis proposed a pipeline to detect cis-regulated elements from a 
batch of genes, which includes mapping gene onto model genomes, retrieving promoter 
sequences, detecting potiential motifs, verifying motifs using genome-wide scan, and 
searching predicted motifs in the motif databases. This method works not only for species, 
which has genomic sequences and annotation, such as Arabidopsis, but also for the species 
without genomic sequences, such as barley.  
 
Thesis Organization 
 
This thesis is organized into five chapters. Chapter 1 gives a general introduction and 
provides an overview of the whole thesis, which includes the history and current status of 
sequencing technology, the genomic features observed in previous studies, the application of 
comparative genomics, and the methods to detect cis-regulatory elements. Chapter 2 is 
original from the paper of surveying genome characteristics and applications to plants, which 
analyzed and compared the genomes of ten fully sequenced and annotated plant species to 
discover their common or unique genome characteristics. Chapter 3 is a published paper on 
the comparative genomics of Xanthomonas, which compared six pathogenesis-associated 
gene clusters from eight strains of Xanthomonas to detect the possible determinants of host- and 
tissue-specificity. Chapter 4 presents the Model Genome Integrator (MGI) and its application 
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to detect cis-regulatory elements. Totally there are two user cases: 1) Within-species, 
Arabidopsis to Arabidopsis, and 2) Cross-species: Barley to Rice. The detected motifs are 
scanned on all promoter sequences using an in-house script to confirm the enrichment of this 
motif in the query set. Finally, chapter 5 summarizes all contributions completed and 
suggests several directions for future research. 
 
Major web pages developed in this project 
1. Plant Genome: http://grinch2.gdcb.iastate.edu/PlantGenome/plantGenomeTable.php 
2. Xanthomonas: http://grinch2.gdcb.iastate.edu/Xanthomonas/Xanthomonas_pipeline.php 
3. MGI: http://www.plexdb.org/modules/MGI/ 
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CHAPTER 2. SURVEYING GENOME CHARACTERISTICS AND APPLICATIONS 
TO PLANTS 
 
A manuscript to be submitted to Genome Biology  
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In the wake of advanced DNA sequencing technology, a large number of bacterial, animal, 
and plant genomes have now been completely sequenced and deposited into public databases. 
The acceleration of genome (and transcriptome) sequence data accumulation remains 
unabated and poses considerable challenges for data storage, access, and transfer, with even 
greater challenges for comprehensive data mining to turn the genome information into 
knowledge.  In particular, detailed genome annotation with respect to the encoded genes and 
their regulation is still largely confined to a few model species. Thus, important current 
research problems revolve around automated genome annotation and the related question of 
how widely applicable insights from the model species are with respect to novel genomes. 
For example, what features of genome organization are conserved across species? What 
differences in gene repertoire correlate with clade-specific traits or related species? To what 
extent are elements of transcriptional regulation shared? Here we describe genome features 
of eight recently sequenced plant species, with standards for comparison provided by the well 
established model species for dicots (Arabidopsis) and monocots (rice).  We provide 
software to automatically generate statistics for a large number of genome features and to 
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facilitate generation of sets of sequences of particular interest. 
(http://grinch2.gdcb.iastate.edu/PlantGenome/plantGenomeTable.php) 
 
Rationale 
Since 1996, when the first eukaryotic genome, Saccharomyces cerevisiae, was announced to 
be completely sequenced, more than one hundred eukaryote genomes have been released and 
are available to the public, including 19 plant genomes and 50 animal genomes. Moreover, 
with the application of advanced sequencing technology, such as next generation sequencing 
(Mardis, 2008; Shendure and Ji, 2008; Metzker, 2010), the speed to release new sequenced 
genomes has increased even faster. Faced with such dramatic increases of genomic data, 
scientists can now investigate genomic secrets, but also encounter huge challenges to manage, 
and analyze those data. 
 
Many features of genome content and organization have been described based on statistical 
analyses of sets of genes from various model species. For example, Chung et al. (Chung et al., 
2006) found that, in Arabidopsis, long introns are most likely to be present in the five-prime 
untranslated regions (5’-UTRs) compared with 3’-UTRs and the coding sequence (CDS) 
regions. Moreover, the nucleotide compositions are different between introns in 5’-UTRs and 
that in 3’-UTRs or CDSs. Carels et al. (Carels and Bernardi, 2000) found that genes with 
high GC content are associated with fewer and short introns. GC-poor genes are likely to 
have numerous and long introns. Cristian et al. (Castillo-Davis et al., 2002) took 
Caenorhabditis elegans and Homo sapiens as models and found that highly expressed genes 
favor shorter introns, which may minimize the cost of transcription or even splicing. All of 
those observations explored some interesting features. However those studies performed so 
far mostly focused on some model species. The scope of features that are unique to that 
single species or common to all species is still unknown. Therefore a complete comparison 
that crosses all available plant species is needed to generalize those features and to give a 
comprehensive overview of plant genomes. 
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In this paper, we chose ten plant species, which were sequenced, annotated and presented at 
PlantGDB (Duvick et al., 2008), to discover the common or unique genomic characteristics 
of both coding and non-coding regions. The ten species include Arabidopsis thaliana (At), 
Brachypodium distachyon (Bd), Glycine max (Gm), Lotus japonicas (Lj), Medicago 
truncatula (Mt), Oryza sativa (Os), Populus trichocarpa (Pt), Sorghum bicolor (Sb), Vitis 
vinifera (Vv), and Zea mays (Zm), with genome sizes ranging from 119.1 Mbp (At) to 
2,065.7 Mbp (Zm). Our work not only confirms and generalizes some observations which 
were reported within single species, such as the intron length and position features in 
Arabidopsis, but also discovers some new characteristics, such as the relationship between 
the size of intergenic region and the orientation of flanking genes. Our work gives a 
comprehensive overview of genomic characteristics and provides insight on judging or 
improving annotation quality. 
 
Besides the summary of genomic characteristics, which gave a general impression of plant 
genomes available, we also providebatches of datasets to the public which were directly 
retrieved from FASTA-format genome sequences based on GFF3-format annotation files. 
These datasets could serve as training sets to perform prediction, classification, and even 
more. Meanwhile a more important contribution is that these datasets are generated using a 
standard pipeline, which takes FASTA-format genomic sequences and GFF3-format 
annotation file as inputs. It might be applied to any new species when sequences and 
annotation are available. Moreover, scripts and datasets are well-documentated and the 
pipeline is extectable to include more functions and features. All scripts and instructions are 
available online and free to download, which provide a good start point to perform further 
researches. 
 
Results  
Genome Overview 
Ten fully sequenced and annotated plant species with genome sizes ranging from 119.1 Mbp 
(At) to 2,065.7 Mbp (Zm) are chosen to investigate the relationship among genome size, GC 
content, gene number, as well as alternative splicing events (Table 1). Table 1 shows that the 
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genome-wide GC contents of those ten species can be classified into two groups. Os, Bd, Sb, 
and Zm, which are all monocot species, are associated with significantly higher GC content 
with the range from 43.5% to 46.8%. Meanwhile At, Gm, Lj, Mt, Pt, and Vv, which are all 
dicot, have a lower GC content, which fluctuates between 33.2% and 37.3%. The difference 
between those two groups is significant which has been reported by many papers (Salinas et 
al., 1988; Matassi et al.). Moreover, the GC content in the mRNA and protein-coding region 
shares the similar pattern as the genome-wide GC content. However they both are much 
higher than the corresponding genome-wide GC content (Table 1). Even if the genome size 
varies so much, the number of protein coding genes is close among different species with the 
minimum 25,532 from Bd and the maximum 57,624 from Os. At, with the most compact 
genome, has the highest gene density and genome-transcribed percentage, which reaches 
228.4 genes per Mbps and 50.1% of the whole genome. About 33.8% Maize genes contain 
alternative splicing events, which is the highest one among all ten plant species. Arabidopsis 
follows up with 21.3%. However, for Lj and Vv, there is no information on alternative 
splicing events provided from their annotations. 
 
The length distribution of gene, mRNA, and CDS 
All monocots share similar pattern in the length distribution of genes with the median length 
ranging from 2,326 bps (Os) to 2,643 bps (Bd) (Figure 1A, Table 2). When it comes to CDS, 
Os and Zm contain more genes with shorter CDS compared to Bd and Sb. For Os and Zm, 
their median lengths of CDS are less than 1000 bps, which are smaller than 1100 bps, the 
median lengths of Bd and Sb. For dicots, the length distribution of genes varies greatly 
(Figure 1B). The species that has the largest median length is Vv with 3,574 bps, which is 
more than four times compared to the smallest one, Lj with the median length 870 bps. For 
the mRNA and CDS, the length distributions are more conserved except Lj and Mt. Those 
two species contain huge number of short genes with the size ranging between 200 bps and 
400 bps. 
 
The relationship between genome size and gene number or length 
 14 
There is no obvious correlation between genome size and the number, or the length of 
protein-coding genes (Figure 2A, 2B). Let’s take maize and Arabidopsis as examples. The 
genome size of maize is 2,065.7MB, which is the largest one among the ten selected species 
and about 20 times larger than the smallest one, Arabidopsis. But the numbers of protein-
coding genes from those two species are very close with 39,475 from maize and 27,206 from 
Arabidopsis. The median length of intact protein-coding gene (with intron) from Arabidopsis 
is 1,896 bp, which is smaller than maize (2,347 bp) (Table 2). However the relationship is 
reversed when it comes to the length of CDS. The median length of CDS for Arabidopsis is 
1,041 bps which are slightly greater than 855 bps from Maize. The reverse means that maize 
genes have more intron sequences and/or UTRs, which is also confirmed by comparing UTR 
length (Table 2), and the intron number and length (Figure 3, and 4). 
 
Intron number distribution 
Within all ten species, most genes contain only one or less intron (Figure 3, Table 3). The 
percentage is about 40% for Os, Bd, Sb, Zm, At, and Pt. But it is pretty higher for Lj and Mt, 
which reach 63.5% and 47.8% respectively. However, for Gm, and Vv, most genes have 
more introns compared with other species. Only about one quarter genes have one or less 
intron. For all ten species, about 90% annotated genes have ten or less introns. The median 
number of intron per gene is 2 or 3 for different species except Mt and Lj. There is no 
obvious difference between dicot and monocot. The gene Glyma13g12030.1, which has the 
largest number of introns (362), comes from Gm and is a senescence-associated protein. The 
length of this gene is more than 161 kb. In rice and Arabidopsis, the genes with the largest 
intron number are LOC_Os01g01689.1 (77 introns; phosphatidylinositol 3- and 4-kinase 
family protein, expressed) and AT3G48190.1 (78 introns; 1-phosphatidylinositol-3-
phosphate 5-kinase) respectively. 
 
Intron length distribution 
For all ten species, the length of most introns falls into a short interval between 70 bps and 
100 bps, which are same in CDS or UTRs (Figure 4). However, the percentage of introns in 
this short interval varies based on species and locations. In general, it is about 25 percent in 
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CDS for most species. However, in Arabidopsis, the value is extremely high and reaches 50 
percent. It means Arabidopsis has most short introns in CDS, which is also reflected in the 
median length of introns. The median length of introns in CDS is 98 bps in Arabidopsis, but 
in other species, it’s greater than 150 bps. The introns in the 3’-UTR shows similar pattern as 
CDS. But in 5’-UTR, there is no obvious difference between Arabidopsis and other species. 
Overall, the length of introns in CDS is significantly smaller than introns in 5’-UTR and also 
slightly smaller than introns in 3’-UTR. The median length of intron in CDS is about 170 bps, 
which is only half or one third of introns in 5’-UTR. This was reported by (Chung et al., 
2006) in Arabidopsis, but it is also true for other nine species. Vv contains a lot of large 
introns. The percentage of large intron (> 1.5 kb) reaches 14.6%. The largest intron within all 
ten species comes from Sb (Sb01g024150.1), which locates in CDS with the length 86,562 
bps.  
 
Intron location preference in UTR and CDS 
The location affects not only the length distribution of introns, but also the chance to intron 
occurrence. Introns are more likely to take place at CDS instead of 5’-UTR or 3’-UTR. On 
average, there are about three introns per kbps in CDS.  However, it is only about 1.2 per 
kbps in 5’-UTR. And the ratio is even lower in 3’-UTR. Moreover, even if in CDS, introns 
are not evenly distributed. Introns prefer to take place at the centre of CDS instead of two 
ends, translation start site (TLstart) and translation stop site (TLstop). However, in 5’-UTR 
and 3’-UTR, it’s reversed. Positions close to TLstart or TLstop site in 5’-UTR and 3’-UTR 
respectively are most likely to find introns. (Figure 5) 
 
Exon length distribution, phase preference, length remainder preference, and their 
correlation 
Based on location and containing start or stop codons or not, exons are classified into six 
groups, 1) the internal exon: exon locates in CDS without start or stop codons; 2) the 5-
primer exon: exon locates in 5’-UTR without start or stop codons; 3) the 3-primer exon: exon 
locates in 3’-UTR without start or stop codons; 4) the start-codon exon: exon contains start 
codon, but no stop codon; 5) the stop-codon exon: exon contains stop codon, but no start 
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codon; 6) the full exon: exon contains both start and stop codons. The results (Figure 6, Table 
4) show that, among all ten plant species, the length distribution of internal exons is much 
conserved compared with other groups. About 80 percent of internal exons are less than 200 
bps. And the median length of internal exon is about 115 bps.  
 
For 5-prime exon, the distribution is close to the internal exon, but has a larger variance. 
When it comes to the 3-primer exon, the distribution is more complicated and variant with 
species. Zm and Vv own more short exons with the peak closed to 100 bps. But for other 
species, such as Gm and Sb, the peak is closed to 300 bps.  
 
Besides the length distribution, phase preference is also taken into consideration for the 
internal exon only. If exons are fully randomized, the percentage of exons in different phases 
should be same or at least close to each other. However, it is not the case. Within all ten 
species, exons are more likely to take place at phase 0 instead of phase 1 or 2. The percentage 
of exons in phase 0 is about 55%, which is significantly higher than phase 1 (~22.5%) and 
phase 2 (~22.5%). And also exons in phase 1 seem to be longer than exons in phase 0 or 2 
(Table 5).  
 
Besides the phase preference, the length preference is also taken into consideration by 
dividing exon length with three. If there is no preference, the remainder should be evenly 
distributed for 0, 1, and 2. However the results show that most exons can be evenly divided 
by three, which reaches about 45%. The percentages for remainder 1 and 2 are close to 
27.5% respectively. Different from the phase preference, there is no obvious length 
difference among those three groups. 
 
And also the phase preference and the length-remainder preference are not independent. 
Figure 7 shows the interaction between those two preferences. The length of exons in phase 0 
is more likely to be evenly divided by three. Exons in phase 1 and 2 prefer to generate 2 and 
1 in remainder respectively. The overall trend is to make the accumulated coding length 
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evenly divided by three. This pattern is common and observed in all ten selected species. The 
p value of chi-square test for independence is less than 10-15. 
 
GC skew and AT skew indicate gene orientations (Codon Bias) 
In the canonical Watson-Crick base pairing rule, G pairs with C and A pairs with T. 
Therefore, The contents of G and C, A and T are almost exactly same at the whole genome 
level. However, when it comes to the coding region, GC- and AT-skew show strong 
asymmetry and correlate with the gene orientation. In the positive strain of CDS, the content 
of G is larger than C, A is larger than T. And also the GC-skew is stronger than AT-skew in 
all ten plant species (Figure 9). When it comes to each individual position, the patterns are 
quiet different. In the 1st position, both GC-skew and AT-skew show strong asymmetry.  
Therefore Purines (G and A) dominate the 1st position. In the 2nd position, GC-skew displays 
a reverse trend by containing more C than G. This is balancing the strong asymmetry in the 
1st position. However, AT-skew is close to symmetric. For the 3rd position, GC-skew show 
difference patterns based on the species. All monocot species display a symmetric curve with 
the peak close to 0. However, all dicots skew left and the peaks are close to 12. The AT-skew 
in the 3rd position shows similar pattern as the GC-skew in the 2nd position by skewing right 
greatly. This is balancing the AT-skew in the 1st position. 
 
Intergenic regions 
The percentage of intergenic sequences within the whole genome ranges between 49.9 (At) 
and 92.2 (Zm). Instead of junk sequences, intergenic region contains some regulation 
elements. But most parts are still unknown. In this paper, the intergenic sequences are 
classified into three groups based on the orientation of flanking genes (Figure 9A). If genes 
are randomly distributed on the genome with random orientation, the percentage of those 
three groups should be 50%, 25%, and 25% respectively. It is verified by checking the 
genome-wide intergenic regions. However, for short intergenic regions, it shows a totally 
different pattern. Let’s take Os as an example. When intergenic region size is set to be less 
than or equal to 400 bps, the most general case is group 3: Tail_to_Tail (TT), which reaches 
46.0% (Figure 9C). The percentages for group 1 and group2 are 38.9 and 15.1% respectively. 
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This implies that cis-regulatory elements need more space at the upstream of gene than the 
downstream of gene to regulate gene expression. 
 
5’-UTR and 3’-UTR 
On average, the median length of 5’-UTR is about 120 bps, which is only about half of the 
median length of 3’-UTR. And also the length distribution of genome-wide UTR was 
compared against the distribution of UTR next to short intergenic regions, such as 300 bps, 
500 bps, and 1000 bps. No obvious difference was found between those distributions. 
 
Discussion 
Judge annotation qualities with the percentage of genes with UTRs and alternative 
splicing events 
The traditional prediction tools, such as GENSCAN (Burge and Karlin; Burge and Karlin), 
FGENESH (Salamov and Solovyev, 2000), and GeneMark.hmm (Lukashin and Borodovsky, 
1998) can predict gene structures, but are limited to coding regions. To predict UTRs, the 
most popular method is to map EST or cDNA sequences onto genome sequences. Those 
genes with EST and cDNA support are considered as high qualities. Therefore the number or 
percentage of genes with 5’-UTR or 3’-UTR can be served as a criterion to judge the quality 
of annotation. In all ten plant species selected, Zm has the highest annotation quality, about 
74.4%  and 75.8% genes containing 5’-UTR and 3’-UTR respectively (Table 6). At follows 
up with 71.6 % and 74.9%, which are also the highest among all six dicots. Lj, which has no 
information on 5’-UTR or 3’-UTR, is the worst case. Most species are between 40% and 
60%. 
 
Besides the number or percentage of genes with 5’-UTRs or 3’-UTRs, the alternative splicing 
events can also be served as another criterion to judge the annotation quality. Alternative 
splicing, as a mechanic to use nucleotides efficiently, is common in eukaryotic. To detect 
alternative splicing events, EST or cDNA mapping is the most straightforward method. 
Moreover, the number of EST or cDNA mapped onto genome is positively correlated to the 
chance to find alternative splicing events. By comparing this value among all ten species, Zm 
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and At have the highest percentages of alternative splicing and are considered well annotated 
(Table 1), which matches our previous conclusions based on the UTR percentages. For Lj 
and Vv, there were no alternative splicing events reported. The most possible reason is the 
annotation process missed or failed to detect those information. 
 
Internal exon phase and length-remainder 
The exon phase and length-remainder are not independent as reported in the results. The 
trend is to let the cumulative exon length evenly divided by three, which implies that introns 
prefer phase 0 compared with phase 1 and 2. Similar observations have been reported by 
(Tomita et al., 1996). He proposed that the evolutionarily advantage of phase 0 intron is that 
the insertion will not interrupt codon or lead to any potential frame shift, which is compatible 
with the exon shuffling hypothesis. Besides this, the 1st position of codon is purines (G and A) 
domination as show in the GC-skew and AT-skew. Therefore, the first nucleotide in the 
downstream exon may also play some roles in splicing site recognization.  
 
Materials and methods 
Genomic sequences and GFF3 files of ten plant species 
Ten plant species, that were fully sequenced, assembled, and annotated, were chosen to 
perform the survey of genomic characteristics, which included Oryza sativa(Os), Arabidopsis 
thaliana(At), Brachypodium distachyon(Bd), Glycine max(Gm), Lotus japonicus(Lj), 
Medicago truncatula(Mt), Populus trichocarpa(Pt), Sorghum bicolor(Sb), Vitis vinifera(Vv), 
and Zea mays(Zm) as well. The latest version of the genomic sequences and GFF3-format 
annotation files were downloaded from their official websites respectively (supplemental 
table 1). An in-house script was generated and executed to check GFF3 files and to uniform 
GFF3-format to a tab-delimited format, named as Loci-format. This Loci file contained the 
coordinate information for all protein-coding models. The script, command, and sample 
output were all available at the project webpage 
(http://grinch2.gdcb.iastate.edu/PlantGenome/plantGenomeTable.php). 
 
Reduced set 
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Considering alternative splicing events, some gene might contain several models at the same 
locus. To avoid the bias due to this duplication, only the first model was chosen from each 
gene locus to generate a reduced set. Compared with the full set, which used all models from 
all loci, the reduced set is less biased. 
 
Intergenic sequences 
Based on the coordinate information in full Loci files, intergenic sequences were retrieved 
from genomic sequences with an in-house script. For genes that contain several models, the 
left-most and right-most bases were taken as the boundaries. For each species, two intergenic 
files were generated: the pure intergenic sequences and the intergenic sequences with the 
flanking exons. Moreover, according to the orientations of flanking exons, intergenic 
sequences were classified into three groups, Tail_to_Head or Head_to_Tail (Group 1: G1), 
Tail_to_Tail (Group 2: G2), and Head_to_Head (Group 3: G3). The composition of those 
three different kinds of intergenic sequences against the intergenic length was plotted with R 
and compared with the ideal randomized case to estimate the potential sequence space 
needed to store cis-regulatory elements at the upstream or downstream of protein-coding 
genes. And also this paper focused on short intergenic regions. A cut-off value 400 bps was 
set to filter the original dataset for the analysis of flanking exons. 
 
Gene, mRNA, and CDS sequences 
Based on the models selected, DNA sequences are retrieved with an in-house script, stored in 
text files using the FASTA-format, and available to the public. Here CDS is defined as DNA 
fragment that starts from the translation start site and ends at the stop codon without any 
introns inside. And a gene is defined as a fragment that starts from the transcription start site 
and ends at the transcription stop site, which includes intron, CDS, and UTR as well. Exon 
sequences were separated further into the internal exon, the 5-prime exon, the 3-prime exon, 
the start-codon exon, the stop-codon exon, and the full exon as well based on its position and 
whether it contains start or stop codons.   
 
Exon phase preference and length-remainder preference 
 21 
Based on the phase, all internal exons are classified into three groups, phase 0, 1, and 2, to 
check the phase preference. Here, the reduced set was chosen to avoid the bias from 
duplication. Similar process was performed to check the remainder of exon length divided by 
three. The relationship of phase preference and length-remainder preference was checked 
with heatmap using R function (ggfluctuation) and also tested using Pearson's chi-square test 
with degree of freedom 4. The null hypothesis of the test is those two preferences are 
independent. 
 
Intron distribution and preference 
CDS, 5’-UTR, and 3’-UTR were uniformed to equal length respectively to detect the 
preferred location of introns. The lengths of CDS, 5’-UTR, and 3’-UTR were set to be 16, 
100, and 32 respectively. This ratio matched the ratio of median lengths of each part. Spliced 
genes were scanned with a window size 4 to find the number of intron events in this window. 
Then R code (ggplot function) was used to plot the distribution of intron location preference. 
 
GC- and AT-skew 
For each CDS, the nucleotide composition was counted and GC- and AT-skew was 
calculated using the following fomula: GC-skew = 100 x (G-C)/(G+C) , AT-skew = 100 x 
(A-T)/(A+T). The distribution of GC-skew and AT-skew was plotted using R code (ggplot 
function). It’s the similar process to calculate the GC- and AT-skew in the 1st, 2nd, 3rd codon 
position. 
 
Availability and requirements 
Perl scripts were used to transform data structures and generate all datasets. R scripts were 
used to summarize and visualize those datasets. All scripts and datasets are available to the 
public at the project webpage. The pipeline and sample commands were also included. 
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Figures 
 
Figure 1  - The length distribution of gene, mRNA, and CDS among all ten plant species. 
(a) Monocot. (b) Dicot. The X-axis indicates the length of sequences with the range from 0 
kbps to 4 kbps. The window size is set to be 100 bps. The Y-axis at the top row shows the 
density percentage of sequences in a single window labeled as PDF, and the Y-axis at the 
bottom row shows the cumulative percentage labeled as CDF. The species are represented 
using different colors with a legend on the right side. 
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Figure 2  - The relationship between genome size and the median gene and CDS length, 
gene number, and the percentage of alternative splicing events. 
The X axis is the genome size with the unit mbps. The different species are plotted using 
different colors as the right side legend indicated. The shape of monocot and dicot are circle, 
triangle respectively. There are four figures. (A) Genome size against gene number. Here the 
Y axis is the number of genes in that species. (B) Genome size against the percentage of 
alternative splicing events. The Y axis is the percentage of genes with alternative splicing 
events (%). Since there is no information on alternative splicing events from the annotation 
of Vv and Lj, those two species are not drawn in this figure. (C) Genome size against the 
median of gene length. The Y axis is the log value of the median of gene Length. The vertical 
line indicates the range between the first quartile and the third quartile. (D) Genome size 
against the median of CDS length. The Y axis is the log value of the median of CDS Length. 
The vertical line indicates the range between the first quartile and the third quartile. 
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Figure 3  - The cumulative intron number distribution. 
The X-axis represents the total number of introns in a single gene. The Y-axis is the 
cumulative percentage of intron. The species are represented using different colors with a 
legend on the right side. 
 
 
 
Figure 4  - The probability density and cumulative distribution of intron length. 
The X-axis indicates the length of introns with the range from 0 bps to 300 bps. The window 
size is set to be 10 bps. The Y-axis at the top row shows the percentage of sequences in the 
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single window labeled as PDF, and the Y-axis at the bottom row shows the cumulative 
percentage labeled as CDF. The species are represented using different colors with a legend 
on the right side. The first column includes all introns in a gene that includes CDS, 5’-UTR, 
and 3’-UTR. The next three columns are introns in CDS, 5’-UTR, and 3’-UTR respectively. 
 
 
 
Figure 5  - The preference of intron location. 
The length of 5’-UTR, CDS, 3’-UTR are scaled to 16, 100, and 32 bps respectively. The ratio 
is derived from the median length of 5’-UTR, CDS, 3’-UTR. The window size is set to be 
four. The X axis is the scale. The Y axis is the percentage that intron falls into this window. 
The colors represent different species.  
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Figure 6  - The probability density and cumulative distribution of exon length. 
The X-axis indicates the length of exons with the range from 0 bps to 1,000 bps. The window 
size is set to be 20 bps. The Y-axis at the top row shows the percentage of sequences in the 
single window labeled as PDF, and the Y-axis at the bottom row shows the cumulative 
percentage labeled as CDF. The species are represented using different colors with a legend 
on the right side. (A) The first column represents exons with all start and stop codons. (B) 
The second column is the exons with start codon only. (C) The third column is the exons 
with stop codon only. (D) The fourth column is the internal exons that locate in CDS without 
start or stop codon. (E) The fifth column is the exons that locate in 5’-UTR without start or 
stop codon. (F) The six column is the exons that locate in 3’-UTR without start or stop codon. 
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Figure 7  - The correlation between phase and length remainder of internal exons 
taking Os as an example. 
The X axis represents the phase of internal exons. The Y axis is the remainder of exon length 
divided by three. The area of grey square is positive correlated to the number of exons in 
each category. 
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Figure 8  - The GC- and AT-skew distribution of all protein-coding genes. 
The X axis is the score of GC- or AT-skew calculated using the formula GC-skew = 100 x 
(G-C)/(G+C), AT-skew = 100 x (A-T)/(A+T). The window size is set to be four. The Y axis 
is the probability that the gene in a single window. The top and bottom rows are GC-skew 
and AT-skew respectively. The first column is the plot using the whole coding sequences. 
The next three columns are plotted for each individual codon position. The colors represent 
different species. 
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Figure 9  - The orientations of flanking genes around short intergenic regions. 
(A) The legend of groups. Intergenic regions are classified into four groups based on the 
orientations of flanking genes: G1a (red): Tail to Head; G1b (green): Head to Tail; G2 (blue): 
Head to Head; G3 (purple): Tail to Tail. (B) The histogram of intergenic length. The X axis 
is the length of intergenic sequences with the range from -400 bps to 3,000 bps. The window 
size is set to be 200 bps. The Y axis is the number intergenic sequences in each bin size. The 
color represents the group of intergenic sequences. (C) The X axis and color is same to (B). 
The Y axis is the ratio of each group within each window. The total is set to be one. 
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Tables 
Table 1: The summary of ten selected plant species, including genome, gene, and model.  
Species Os Bd Sb Zm At Gm Lj Mt Pt Vv 
Category Monocot Dicot 
Version 6.1 1.0 6.0 2.0 10.0 6.0 2.5 3.5 6.0 2.0 
Size (MB) 372.3 271.9 738.5 2,065 119.1 973.3 316.9 314.4 417.1 486.2 
ChrNum 12 5 10 10 5 20 7 8 19 19 G
en
o
m
e 
Genome 43.5 46.4 43.9 46.8 36.0 34.7 37.3 33.2 33.6 34.5 
mRNAa 51.9 52.4 53.8 53.4 42.4 42.6 44.0 39.0 42.3 43.3 
G
C 
(%
) 
CDSb 53.2 54.3 55.0 55.7 44.1 44.1 44.0 40.8 43.4 44.5 
Densityc 154.8 93.9 37.4 19.1 228.4 47.6 119.8 143.5 97.5 54.2 
TransPer(%)d 45.1 31.5 12.1 7.8 50.1 17.7 18.1 37.0 27.1 35.0 
G
en
e 
Genee 57,624 25,532 27,608 39,475 27,206 46,367 37,971 45,108 40,668 26,346 
N
u
m
be
r 
Model 68,248 32,255 29,448 63,355 35,176 55,787 37,971 47,529 45,033 26.346 
M
o
de
l 
AltSpPer(%)f 11.4 16.8 5.4 33.9 21.3 14.3 NA 3.9 7.5 NA 
 
a
 The GC content of mRNA sequences in the reduced set. b The GC content of CDS 
sequences in the reduced set. c The number of protein coding genes divided by the size of 
genome (#/MB). d The percentage of genome sequences that can be transcribed to proteins. 
This value includes UTRs and introns, but ignores rRNA, tRNA, smRNA, and transposons. e 
The total number of protein coding genes, excluding genes in mitochondrion and chloroplast. 
f
 The percentage of protein coding genes that have alternative splicing events. 
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Table 2: The 1st, 2nd, and 3rd quartile of gene, mRNA, and CDS lengths from the 
reduced set (bps). 
Gene mRNA CDS 5-UTR 3-UTR 
Species N25 N50 N25 N25 N25 N75 N25 N50 N75 N50 N50 
Os 1,054 2,326 4,031 642 1,318 2,208 495 987 1,761 137 336 
Bd 1,407 2,643 4,342 930 1,405 1,985 675 1,101 1,638 110 307 
Sb 1,320 2,450 4,097 852 1,335 1,882 681 1,095 1,590 118 279 
Zm 1,167 2,347 4,394 832 1,349 1,945 474 855 1,395 166 305 
At 1,168 1,896 2,802 843 1,333 1,884 594 1,041 1,560 102 204 
Gm 1,594 2,906 4,754 904 1,361 1,932 657 1,056 1,584 113 286 
Lja 405 870 1,884 327 560 1,023 327 560 1,023 NA NA 
Mt 729 1,753 3,588 396 905 1,662 285 570 1,210 144 271 
Pt 1,051 2,124 3,756 681 1,212 1,854 501 936 1,497 119 271 
Vv 1,588 3,574 7,473 742 1,254 1,890 429 876 1,470 164 267 
 
a
 There is  no UTR information available from the annotation of Lj. 
 
Table 3: The mean and median number and median length of introns within each 
species (bps). 
Total Intron Intron in CDS 5’-UTR 3’-UTR 
Species Mean Med N50 Mean Med N50 N50 N50 
Os 3.3 2 171 3.1 2 167 389 211 
Bd 4.3 3 156 4.2 2 153 547 216 
Sb 3.9 2 147 3.8 2 145 430 203 
Zm 3.4 2 157 3.1 2 153 244 158 
At 4.3 3 99 4.1 2 98 258 103 
Gm 5.0 4 185 4.8 3 179 446 379 
Lja 2.0 1 183 2.0 1 183 NA NA 
Mt 3.1 2 215 2.9 1 205 573 316 
Pt 4.0 2 174 3.8 2 171 356 187 
Vv 5.2 3 212 5.0 3 208 377 214 
 
a
 There is  no UTR information available from the annotation of Lj.  
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Table 4: The median length of exons within each species (bps). 
Exons w/i start or stop codon Exons w/o start or stop codon 
Species Botha Start onlyb Stop onlyc CDSd 5’-UTRe 3’-UTRf 
Os 804 265 443 125 171 327 
Bd 864 258 524 113 134 326 
Sb 984 284 421 114 148 314 
Zm 930 302 435 110 148 187 
At 880 280 395 115 125 253 
Gm 903 247 414 114 122 330 
Lj 416 166 175 114 NA NA 
Mt 426 204 317 119 175 263 
Pt 752 260 393 117 130 291 
Vv 339 230 356 119 117 151 
a
 Exons with both start and stop codon. b Exons with start codon only.  c Exons with stop 
codon only. d Exons in CDS without start or stop codon (internal exons). e Exons in 5’-UTR 
without start or stop codon. f Exons in 3’-UTR without start or stop codon. 
 
 
Table 5: The percentage and median length of internal exons in each phase and 
remainder category. 
Internal exons 
Phase 0 Phase 1 Phase 2 ExLen%3=0 ExLen%3=1 ExLen%3=2 Species 
Perc N50 Perc N50 Perc N50 Perc N50 Perc N50 Perc N50 
Os 53.50 124 23.61 132 22.90 121 43.28 123 28.19 127 28.53 128 
Bd 57.13 112 21.33 118 21.54 110 44.62 114 27.26 112 28.12 113 
Sb 57.00 111 21.42 119 21.58 112 44.84 114 27.15 112 28.01 113 
Zm 56.18 108 22.00 115 21.83 109 43.92 111 28.07 109 28.00 110 
At 56.97 114 21.34 119 21.69 112 45.25 114 27.15 115 27.59 116 
Gm 54.38 114 22.88 119 22.75 111 41.81 114 28.94 115 29.25 113 
Lj 56.58 114 21.17 120 22.25 114 44.77 114 27.38 115 27.85 116 
Mt 54.05 119 23.20 124 22.75 117 42.79 120 28.75 121 28.45 119 
Pt 55.50 114 22.42 127 22.08 115 43.67 114 28.03 118 28.30 119 
Vv 53.68 117 23.53 128 22.78 115 42.78 117 28.51 121 28.71 119 
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Table 6: The number and percentage of genes with 5’-UTR or 3’-UTR.  
5’-UTR 3’-UTR Species Number Percentage (%) Number Percentage (%) 
Os 22,325 38.7 23,756 41.2 
Bd 8,784 34.4 17,913 70.2 
Sb 11,321 41.0 13,746 49.8 
Zm 29,362 74.4 29,903 75.8 
At 19,493 71.6 20,371 74.9 
Gm 25,676 55.4 29,828 64.3 
Lj NA NA NA NA 
Mt 20,522 45.5 21,051 46.7 
Pt 21,913 53.9 23,300 57.3 
Vv 14,412 54.7 16,158 61.3 
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Abstract 
Background 
Xanthomonas is a large genus of plant-associated and plant-pathogenic bacteria. Collectively, 
members cause diseases on over 392 plant species. Individually, they exhibit marked host- 
and tissue-specificity. The determinants of this specificity are unknown. 
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Methodology/Principal Findings 
To assess potential contributions to host- and tissue-specificity, pathogenesis-associated gene 
clusters were compared across genomes of eight Xanthomonas strains representing vascular 
or non-vascular pathogens of rice, brassicas, pepper and tomato, and citrus. The gum cluster 
for extracellular polysaccharide is conserved except for gumN and sequences downstream. 
The xcs and xps clusters for type II secretion are conserved, except in the rice pathogens, in 
which xcs is missing. In the otherwise conserved hrp cluster, sequences flanking the core 
genes for type III secretion vary with respect to insertion sequence element and putative 
effector gene content. Variation at the rpf (regulation of pathogenicity factors) cluster is more 
pronounced, though genes with established functional relevance are conserved. A cluster for 
synthesis of lipopolysaccharide varies highly, suggesting multiple horizontal gene transfers 
and reassortments, but this variation does not correlate with host- or tissue-specificity. 
Phylogenetic trees based on amino acid alignments of gum, xps, xcs, hrp, and rpf cluster 
products generally reflect strain phylogeny. However, amino acid residues at four positions 
correlate with tissue specificity, revealing hpaA and xpsD as candidate determinants. 
Examination of genome sequences of xanthomonads Xylella fastidiosa and 
Stenotrophomonas maltophilia revealed that the hrp, gum, and xcs clusters are recent 
acquisitions in the Xanthomonas lineage. 
 
Conclusions/Significance 
Our results provide insight into the ancestral Xanthomonas genome and indicate that 
differentiation with respect to host- and tissue-specificity involved not major modifications 
or wholesale exchange of clusters, but subtle changes in a small number of genes or in non-
coding sequences, and/or differences outside the clusters, potentially among regulatory 
targets or secretory substrates. 
 
Introduction 
Comparative genomics is a powerful approach to discovering genetic features of related 
bacteria that have been acquired, modified, or lost during adaptation to particular 
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environmental niches. Identification of such features is a first step toward understanding gene 
functions relevant to the adaptation. Comparative genomics has been particularly fruitful in 
understanding adaptation involving pathogenic exploitation of eukaryotic hosts. For example, 
it has led to the isolation of specific gene clusters that enable different bacterial pathogens to 
infect humans (1-4). It also has helped define or refine relationships among animal pathogens 
and provide clues to the evolution of pathogenesis or specific pathogenesis-related functions 
(5). Few comparative genomics studies have been carried out on plant pathogenic bacteria. In 
2002, Van Sluys et al. (6) identified nineteen genes (encoding conserved hypothetical genes, 
iron transporters, and cell-wall modifying enzymes) common to all sequenced plant-
associated bacterial genomes available at the time. More recently, a comparative analysis of 
sequenced Enterobacteriaceae identified genes specific to the plant pathogen Erwinia 
carotovora (7). Comparative genomics has also provided novel insight into the role of 
horizontal gene transfer in shaping genomes of plant pathogenic xanthomonads (8–10). 
 
Xanthomonas is a large genus of Gram-negative, yellow-pigmented, plant-associated bacteria. 
Pathogenic species and pathovars (pathogenic varieties, pv.) within species show a high 
degree of host plant specificity and combined are known to cause diseases on nearly 400 
plant hosts, including both eudicots and monocots (11). Many exhibit tissue-specificity, 
invading either host xylem vessels or the interveinal mesophyll apoplast of their host. Thus, 
the genus is a compelling subject for comparative genomics, as such analyses should shed 
light on how this group of bacteria has adapted to exploit an extraordinary diversity of plant 
hosts and host tissues. Understanding pathogenic adaptations of Xanthomonas will foster the 
development of needed improvements in bacterial plant disease control and prevention. 
 
The genus Xanthomonas resides at the base of the gamma subdivision of the proteobacteria. 
The current taxonomic status of the genus is based on analysis of 16S–23S rDNA intergenic 
spacer sequences (12) and a combination of molecular markers such as rep-PCR, AFLP and 
other fingerprints (13-14). Twenty DNA homology groups (species) have been distinguished, 
comprising 80 pathovars (14-15). A species can encompass pathovars that infect diverse 
plant hosts and/or exhibit different patterns of plant colonization. For instance, Xanthomonas 
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campestris includes pathovars that (collectively) infect different brassicaceous, solanaceous, 
and other plant species, and Xanthomonas oryzae, a species specific to rice and some wild 
relatives, comprises pathovars that either invade through the vascular system (X. oryzae pv. 
oryzae) or colonize the intercellular spaces of the parenchyma tissue (X . oryzae pv. oryzicola) 
(16). Like X. oryzae, the X. campestris group also includes vascular and non-vascular 
colonizers (11, 17). 
 
Complete genome sequences of six Xanthomonas strains had been published at the 
commencement of the present study. These are strains ATCC33913 and 8004 of X. 
campestris pv. campestris (XccA and Xcc8, respectively), a vascular pathogen of cabbage 
and other brassicas, including the model plant Arabidopsis thaliana; strain 306 of X. 
axonopodis pv. citri (Xac), the causal agent of citrus canker, a non-vascular disease; strain 
85-10 of X. axonopodis pv. vesicatoria (Xav; formerly X. campestris pv. vesicatoria), a non-
vascular pathogen that causes leaf spot on pepper and tomato; and strains KACC10331 and 
MAFF311018 of X. oryzae pv. oryzae (XooK and XooM, respectively), the vascular 
pathogen of rice (18–22). During the course of this study, we finished and deposited in a 
public database the genome sequences of strain 756C (23) of X. campestris pv. armoraciae 
(Xca), a non-vascular pathogen with a host range similar to that of Xcc, and strain BLS256 
(24) of X. oryzae pv. oryzicola (Xoc), the non-vascular counterpart of Xoo (AB et al., 
unpublished). We used these eight genome sequences in the analyses presented here. 
Subsequently, we completed the genome sequence of a third Xoo strain, PXO99A, and 
Vorholter et al. have recently published the genome sequence of a third Xcc strain, B100 (25), 
(26). Complete or near complete genome data are also available for representatives of the 
closely related xanthomonads, Xylella fastidiosa (Xf) (27–30) and Stenotrophomonas 
maltophilia (Sma) (31). Xf is a group of fastidious, xylem-limited and insect-vectored plant 
pathogens with genomes roughly half the size of a typical Xanthomonas genome. Xf strains 
collectively cause disease on diverse hosts, with some specificity (32). Sma is a non-plant 
pathogenic species that includes free-living as well as endophytic isolates and opportunistic 
human pathogens (33). 
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The Xanthomonas genome sequences we examined represent plant pathogens that are closely 
related but distinct in their host and tissue-specificity and that include paired vascular and 
non-vascular pathogens (Xcc and Xca, and Xoo and Xoc, respectively) of the leading models 
for plant biology, A. thaliana and rice. Furthermore, the sequenced Xanthomonas strains span 
three of the 20 homology groups (species) defined by Rademaker et al. (14), providing good 
representation of the genus as a whole. Our objective was to determine whether 
differentiation of species and pathovars with respect to host- and tissue-specificity is 
reflected across genomes in content and structure of several gene clusters that are known to 
be involved in pathogenesis in Xanthomonas spp. or are implicated in pathogenesis based on 
functions of homologous gene clusters in other pathogenic bacterial species. 
 
Results and Discussion 
Xanthomonas genomes and gene clusters examined 
The Xanthomonas genome sequences examined are given in Table 1, grouped by strain host- 
and tissue-specificity. The general features of the genomes are similar (Table S1). Each 
includes a circular chromosome of approximately 5 Mb. The Xav genome includes four 
plasmids, and the Xac genome two. Average G+C content ranges from 63.6% (XooK and 
XooM) to 65.3% (Xca). The percent of genome that is predicted coding sequence ranges 
from 83.9% (XooM) to 90.3% (Xac). The number of predicted genes ranges from 4,598 (Xca) 
to 5,832 (XccA). Each genome harbors two ribosomal RNA operons. 
 
We examined the gum gene cluster for extracellular polysaccharide synthesis (34-35), the xps 
and xcs gene clusters for type II secretion (19, 36), the hrp gene cluster for type III secretion 
(37), the rpf gene cluster for regulation of pathogenicity factors (38), and an unnamed gene 
cluster involved in synthesis of lipopolysaccharide, which we hereafter refer to as the LPS 
gene cluster (39-40) (the coordinates of the clusters in each genome are given in Table S2). 
For each cluster, we sought correlations of gene content and structure with host- and tissue-
specificity, and we examined phylogenetic relationships by comparing concatenated 
sequences of the deduced gene products within the cluster across genomes. 
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The gum gene cluster 
The ability to produce capsular extracellular polysaccharide (EPS) is correlated with 
virulence in several plant pathogenic bacteria (41), and the importance of EPS to 
pathogenicity in Xanthomonas has been demonstrated with EPS-deficient mutant strains of 
Xoo, Xcc, and Xac (35, 42-43). EPS is important in biofilm formation and epiphytic fitness 
(43-44). It is postulated to promote colonization of plant tissues and to provide protection 
from harsh environmental conditions, and it contributes to occlusion of vascular elements in 
wilts and blights (41, 45). Synthesis of the Xanthomonas capsular EPS, xanthan, is carried 
out primarily by the twelve products of the roughly 16 kb gumB-gumM operon (34-35). 
Additional open reading frames (ORFs) designated as gum genes, gumA and gumN, -O, and -
P, reside up and downstream (respectively) of gumB-gumM (34), but a role for these genes in 
xanthan biosynthesis has not been demonstrated. Recently, gumN and an intervening ORF 
were shown to be co-transcribed with gumB-gumM in Xoo, but gumA is clearly in a distinct 
operon (46). 
 
The nucleotide sequences of the gum cluster, delimited by and including gumA and gumN, 
and approximately 4 kb of sequence downstream of gumN, were retrieved from each genome 
and compared (Figure 1A). The cluster is highly conserved with respect to overall gene 
content and order, including the ORF between gumM and gumN. Differences among strains 
are limited to insertion sequence (IS) elements in or near gumN and differential content of 
genes outside the core cluster, including gumO, gumP, and chd2. None of these genes, 
however, have been shown to play a role in xanthan biosynthesis. (For a complete discussion 
of differences observed at the gum gene cluster, see Text S1.) 
 
As noted by Lima et al. (10), the gum gene cluster has features of a pathogenicity island, 
including a lower than average G+C content and a flanking tRNA gene (Figure 1A). Indeed, 
the cluster is absent from the Sma genome sequences, suggesting that acquisition of gum 
genes was an important adaptation toward plant pathogenicity. Consistent with the notion 
that gum genes were acquired subsequent to the divergence of the Xanthomonas and 
Stenotrophomonas lineages, the regions flanking the gum locus in the Xanthomonas genomes 
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are conserved and colinear in the Sma genomes, including the tRNA gene. A cluster 
containing gumB though gumF and gumH is present in the Xf genomes, but the genomic 
context is distinct, suggesting independent acquisition of these genes in the Xylella lineage. 
Interestingly, in the sugarcane pathogen X. albilineans, PCR failed to detect any of ten gum 
genes assayed, using primer sequences conserved across Xac, Xcc, and Xoo (47). This 
species produces an exopolysaccharide structurally related to but distinct from xanthan and 
compositionally more similar to the exopolysaccharide produced by Xf (48-49). Production 
has only been observed in infected sugarcane stalks and appears to require plant components 
(50). Direct comparison of the X. albilineans genes for exopolysaccharide production with 
the gum genes awaits completion of the first X. albilineans genome sequence, which is 
underway (P. Rott, personal communication). Nevertheless, the data available suggest that, as 
in Xf, these genes were acquired independently. The gum genes therefore, likely represent a 
relatively late adaptation in the lineage that gave rise to the X. axonopodis, X.campestris, and 
X. oryzae clades. 
 
The xps and xcs gene clusters 
The type II secretion (T2S) system is the main terminal branch of the general secretory 
pathway in proteobacteria, mediating the transport of proteins into the extracellular space 
following their N-terminal signal peptide–dependent deposition into the periplasm. The T2S 
system was discovered in Klebsiella oxytoca, in which at least thirteen linked pul genes are 
required for secretion of the starch-hydrolyzing lipoprotein pullulanase (51-52). It has since 
been found important to the virulence of many animal and plant pathogens, including Xcc 
(36, 53) and Xoo (54-55), exporting proteins such as toxins, proteases, lipases, and 
phospholipases, as well plant cell wall–degrading enzymes such as cellulases, pectinases and 
xylanases (56). Two T2S system gene clusters, xps and xcs (19), are represented among the 
sequenced Xanthomonas strains (Figure 1B). The xps cluster consists of 11 genes in two 
predicted transcriptional units, the first of which contains genes xpsE and xpsF and the 
second xpsG through xpsN and xpsD (57). The xcs cluster consists of one predicted operon 
containing 12 genes, xcsC through xcsN (57). Corresponding xps and xcs gene names 
indicate homology, with the exception of xpsN, which is a homolog of xcsC (58). No 
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homolog of xcsN is present in the xps cluster. The xps cluster should not be confused with 
loci involved in synthesis of xanthan precursors, designated as xpsI, xpsII, etc. (59). 
 
The xps cluster is present in all eight Xanthomonas genomes, as well as the Xf and Sma 
genomes. In contrast, xcs genes are present only in the Xac, Xav, Xcc, and Xca strains, each 
of which infects eudicots (Figure 1B). As noted previously (60), the xcs cluster sequences 
are more similar to the T2S gene cluster in Caulobacter crescentus, a member of the alpha 
subdivision of the proteobacteria, than to the xps cluster. The average G+C content of the 
cluster is also slightly above average for each genome (Figure 1B). Further highlighting the 
distinction, XpsE and XcsE belong to distinct T2S:E subfamilies, which differ by an N-
terminal domain, N0, that is present and essential in XpsE (61), but missing from XcsE. 
 
In strains with an xcs cluster (Xac, Xav, Xca, and Xcc), a TonB-dependent receptor (TBDR) 
gene and two hypothetical protein genes are located upstream of xcsC (leftward in the figure). 
In Xac and Xav only, beyond these genes is another TBDR gene. The region beyond that is 
again colinear across genomes, beginning with a homolog of the teicoplanin resistance gene 
vanZ, followed (to the left) by a hypothetical protein gene and the pteridine reductase gene 
ptr1. Downstream of xcsN in Xac are four genes (five ORFs, since the second gene is split by 
a frame shift), including another TBDR gene, that are absent from Xav and the X. campestris 
strains. Following the four-gene insertion/deletion, the genomes resume colinearity, starting 
with the gntR gene and (to the right) the glucose/galactose transporter gene gluP. Moreira et 
al. (60) reported that the three upstream and four downstream genes flanking the xcs cluster 
in Xac are conserved flanking the T2S genes in C. crescentus and that genes up- and 
downstream of these in Xac are conserved and linked in Xf, suggesting that the region 
constitutes an island that was inserted in Xanthomonas or deleted from Xylella. Specifically, 
we observed that the genes between the vanZ homolog and gluP are missing in Xf, replaced 
by a glucokinase gene and a short non-coding region. This arrangement is conserved in the 
Sma genomes except for the replacement of the non-coding region with an 
acetylhexosaminidase gene and a TBDR gene. This similarity suggests that the Xylella locus 
rather than the Xanthomonas locus more closely reflects the ancestral arrangement and that 
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the xcs cluster is in fact an insertion in Xanthomonas. Consistent with this conclusion, the 
absence of the xcs cluster from the Xoc and Xoo genomes presents an arrangement distinct 
from that in Xylella. Colinearity of the Xoc and Xoo genomes with the region upstream of 
xcsC in the other Xanthomonas genomes exists, extending (from the left toward xcsC) up to 
but not including the vanZ homolog, which is missing. This region is followed by transposase 
genes and IS element sequences that are different between Xoc and Xoo. Thereafter, the Xoc 
and Xoo genomes are colinear with the Xac genome beginning with the TBDR gene 
immediately downstream of xcsN in Xac and extending through gntR (Figure 1B). The 
distinct endpoints of colinearity with the other genomes and differences in intervening gene 
content between the Xoc and Xoo vs. the Xf and Sma genomes (not shown) strongly suggest 
that the xcs cluster was present in but subsequently lost from the X. oryzae lineage. 
 
Because several xps mutations that reduce virulence have been isolated in Xcc, the xcs genes, 
despite their similarity to xps counterparts, clearly are not functionally redundant. And, no 
mutations that affect virulence have been reported in the xcs cluster in any strain. The xcs 
cluster may play a role in processes not associated with pathogenesis, or in fact may be non-
functional. Even presuming a role in pathogenesis, the fact that the Xf strains infect dicots, 
but lack the xcs cluster, argues against a host-specific role for these genes. 
 
The hrp gene cluster 
The hrp (hypersensitive reaction and pathogenicity) gene cluster encodes components of the 
T3S system (62) and constitutes an important contributor to plant colonization by many plant 
pathogenic species. Individual genes have been classified and named as hrp, hrp-conserved 
(hrc), or hrp-associated (hpa). In the strains compared here, the cluster generally comprises 
24 genes located in or adjacent to two designated subregions (63), the core hrp cluster 
(Region I), extending from hpa2 to hpaB, and the hrpF peninsula (Region II), a more 
variable subregion centered on hrpF (Figure 1C). Originally, the designations “hrp” and 
“hrc” indicated loci that are required for induction of non-host hypersensitive reaction and 
for pathogenicity, and individual genes in the loci were given these designations. However, 
not all hrp and hrc genes have this phenotype. With some exceptions, the hrp gene sequences 
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are unique to Xanthomonas and some other genera with related hrp clusters, while hrc genes 
are clearly conserved among the xanthomonads and many other pathogens of animals and 
plants (64). hpa genes localize to the cluster and are important in pathogenicity to differing 
degrees, depending on the gene. Some have no known roles, some function in targeting type 
III secreted proteins to the secretion apparatus, and some are themselves secreted and in 
some cases translocated into host cells (63, 65–67). For some hrp-associated genes whose 
products are secreted, names that reflect this fact have been adopted (e.g. Xanthomonas outer 
protein F1 or xopF1). 
 
The hrp cluster Region I and II sequences and structures support a model of monophyletic 
inheritance followed by fraying of the outer ends of the regions by insertions, deletions, and 
rearrangements (for details, see Text S1). The presence of remnants of several ORFs, 
including xopF1 and hpa5, in most or all of the genomes also supports this model. Xca and 
the Xcc strains share the same left and right border sequences of Regions I and II, again 
reflecting the close relationship between these two pathovars. The remaining genomes share 
a common left border for Region I. At the same time, rearrangements have obscured the 
ancestral right boundaries of the hrp cluster (Region II) in all but the X. campestris strains. 
Ten kilobases of sequence immediately adjacent to the end of hrpF are unique to these 
strains. No evidence was found to indicate whether the left border sequences of the X. 
campestris strains or those in the Xav, Xoo, Xoc, and Xac genomes represent the ancestral 
border. All borders may have been the result of rearrangements after the divergence of the 
lines, and the ancestral borders may, in fact, have been deleted in all lines. Strain-specific 
genes in the left border of Region I or in Region II, e.g. xopD in Xav, or the candidate SKWP 
family effector gene in Xca, may represent pathovar-specific adaptations, but no clear 
general correlations of gene content with host tissue- or class- (monocot vs. eudicot) 
specificity are apparent. 
 
The hrp gene cluster was previously identified as a pathogenicity island in Xanthomonas (68). 
It is absent from the Xf and Sma genomes. Interestingly, it is missing also from X. 
albilineans and two other Xanthomonas spp. (69). These three species form a distinct 
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phylogenetic clade based on 16s rDNA sequence alignment (70). Thus it seems likely that 
acquisition of the hrp gene cluster, like the gum cluster, was a relatively late adaptation in the 
lineage that led to the Xanthomonas strains in the present study. X. albilineans has a genome 
roughly two-thirds the size of the sequenced Xanthomonas genomes and depends largely on a 
single toxin for pathogenesis (71-72). The X. albilineans genome may represent a primitive 
genome that lacks many of the adaptations present in other Xanthomonas strains, or, as 
postulated for Xylella (73), it may represent a reduced and highly adapted genome with a 
minimal complement of genes needed for survival within a plant. Another possibility is that 
X. albilineans is an evolutionary intermediate between Xf and other Xanthomonas spp. (47). 
Once a X. albilineans genome sequence is complete, comparisons with the genomes of other 
strains will shed light on this question as well as the question of whether hrp (and gum) genes 
were present in and then lost from the X. albilineans lineage, or were never introduced into it. 
 
The rpf gene cluster 
The rpf gene cluster positively regulates the synthesis of extracellular enzymes, extracellular 
polysaccharide, biofilm dispersal and virulence in Xcc (38, 74–77). Several of the Rpf 
proteins are involved in an intercellular signal-response system that links perception of the 
diffusible signal factor (DSF) cis-11-methyl-2-dodecenoic acid (78) to the regulation of 
virulence factor synthesis and biofilm dispersal. RpfB and RpfF direct the synthesis of DSF, 
whereas the hybrid sensor kinase RpfC and the HD-GYP domain regulator RpfG are 
implicated in DSF signal perception and signal transduction (74, 76, 79). In Xcc, rpfH is 
transcribed as part of the rpfGHC operon, though the function of RpfH is unknown. Other rpf 
genes (rpfADEI) are not implicated in the DSF regulatory system and have minor regulatory 
roles in Xcc (75). The DSF regulatory system is also implicated in virulence in other 
xanthomonads. Mutation of rpfC or rpfF in Xoo and Xac leads to loss of virulence on rice 
and citrus, respectively (76, 80–82), and disruption of rpfG reduces virulence in Xoc (83). 
DSF has not been isolated from any of these strains but it is likely to be highly similar if not 
identical to DSF from Xcc. DSF from X. fastidiosa and Burkholderia cenocepacia are 
structurally only slightly different from Xcc DSF, and they are functionally conserved, 
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inducing DSF-responsive reporter genes when added to cultures of DSF-deficient Xcc (84–
86). 
 
Significantly, all rpf genes with an established role in the DSF regulatory system in Xcc 
(rpfBFCG) are intact in all the Xanthomonas genomes (Figure 1D). This is true also of the 
Xf and Sma genomes, indicating that the rpf cluster is ancestral. In fact, the rpfF gene was 
recently shown to be important in Sma virulence and resistance to antibiotics (87). RpfE is 
also conserved. As noted for the hrp cluster, minor, strain-specific differences in gene 
content exist in the rpf cluster, but correlations with host- or tissue-specificity are not readily 
apparent (for details, see Text S1). 
 
The LPS gene cluster 
LPS is a component of the bacterial cell surface that comprises three covalently linked 
structures: an outer membrane–bound moiety called lipid A, a core oligosaccharide, and an 
outermost polysaccharide known as the O-chain (88). Structural variations in LPS, in 
particular the O-chain (also “O-antigen”), often account for variations in serotype as well as 
the emergence of new virulent strains associated with epidemics of human and livestock 
disease (89-90). LPS has been implicated previously in plant pathogenesis owing to the 
isolation of reduced virulence mutants that exhibited LPS deficiencies (91). Plants recognize 
LPS or LPS components as pathogen-associated molecular patterns (PAMPs) (92), which 
trigger innate defense responses (91, 93–95). In the Rhizobium-legume symbiosis, structural 
changes in the O-chain take place during nodulation, suggesting an adaptive role (96). A 
cluster of 15 genes in Xcc strain B100 governs the synthesis of the core and O-chain of LPS 
(40). This locus has G+C content markedly lower than the average for the genome. In Xoo 
strain BXO1, the locus is substituted by a largely divergent and apparently non-homologous 
set of genes for LPS core and O-chain synthesis, also with atypical G+C content (39, 97). 
Two other Xoo strains (BXO8 and Nepal624) and a Xoc strain (BXOR1) contain yet other 
distinct clusters, based on PCR and Southern hybridization results (97). All clusters are 
flanked by the highly conserved etfA and metB genes (97). Mutations at this locus in BXO8 
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(PP and RS, unpublished), in Xcc8 (18), and in Xoc (83) are associated with reductions in 
virulence. 
 
Comparison of gene content between etfA and metB across the sequenced genomes revealed 
a remarkably high degree of variation both in number and in identity of genes (Figure 1E). 
The sizes of the clusters range from 14.4 kb (XooK and XooM) to 26.5 kb (Xoc). The 
number of genes varies from seven (the Xoo strains) to 15 (Xoc and the Xcc strains). The 
G+C content of each cluster is low compared to the average for each genome, ranging from 
55% (in XooK) to 60.3% (in Xac). Five of the seven genes in the XooK and XooM cluster do 
not have orthologs in the Xoc cluster. The exceptions are wzm and wzt, which are predicted 
to encode components of an ABC transporter system for export of LPS. Interestingly, these 
genes exhibit only 48.2 and 41.7 % identity to their Xoc orthologs at the amino acid level. 
Similarly, though Xoc and the Xcc clusters all contain 15 ORFs, again, only wzm and wzt 
have orthologous counterparts, and these exhibit a low level of amino acid identity (25.1% 
and 31.6 %, respectively). 
 
Some similarities exist across genomes. For example, in each genome the genes are 
organized in two convergent blocks, suggestive of operons. IS elements are located at the 
junction of these apparent transcriptional units in several genomes. The Xca, Xcc8, and 
XccA clusters are essentially identical, with the exception of IS elements in the Xcc strains 
and a single ORF substitution at the end of the putative transcriptional unit proximal to etfA 
in Xca. This half of the Xca cluster is identical to that of Xav, except that Xav is missing one 
gene, wxocH. The metB proximal part of the cluster is largely similar between Xav and the X. 
campestris strains, except for a substitution in Xav that replaces three genes, wxcC, -D, and -
E, with one, wbdA1. Between Xac and Xoc, the etfA proximal half of the cluster is essentially 
identical. Outside of the cluster, upstream of etfA, a distinct region that contributes to LPS 
biosynthesis spans approximately 11 kb (98-99). This locus is highly conserved, differing 
only in Xac and Xav by the insertion of a UDP-glucose dehydrogenase–encoding gene 
roughly in the center (not shown). 
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Overall, there is no apparent correlation of the content of the LPS biosynthetic gene cluster 
between etfA and metB with host- or tissue-specificity. Indeed, though the cluster of the 
BXO1 strain of Xoo mentioned above is essentially identical to that of XooK and XooM, the 
cluster in Xoo strain BXO8 is similar to that of Xac (97, 100), and the cluster in the B100 
strain of Xcc shows near 100% identity to that of Xca (100). Also, the Xav and Xac clusters 
are distinct. Thus, interspecies, interpathovar, and even interstrain variation is evident, 
suggesting that changes at this locus have not been strictly coincident with differentiation of 
species and pathovars. Rather, this locus seems to have been under intense diversifying 
selection and subject to frequent exchanges mediated by horizontal transfer and 
recombination. The atypical G+C content of the locus in each genome is consistent with this 
deduction. Examination of the two Sma genomes indicates that variability at this locus is not 
unique to the Xanthomonas clade. The locus is 30 kb in strain K279a and only 15 kb in strain 
R551, with only four genes common to both. Forces driving variability as this locus are 
therefore not likely limited to interactions with plant hosts, but may include interactions with 
animal hosts or phage, or other environmental interactions. 
 
Relationships of gene clusters across strains relative to ribosomal RNA sequences 
To assess the extent to which relatedness of cluster sequences across strains reflects shared 
host-or tissue-specificity, a phylogenetic tree for each cluster was built based on alignments 
of concatenated sequences of the predicted gene products of that cluster (Figure 2). Thus, for 
the gum gene cluster, the amino acid sequences of GumB through GumJ in each strain were 
joined end to end, and the joined sequences from each strain aligned to one another. The xcs 
and xps gene clusters were analyzed together, using concatenated sequences of XcsC through 
XcsM, and of XpsN (the ortholog of XcsC) and XpsD with XpsE through XpsM. For the hrp 
gene cluster, HpaB through Hpa2 were concatenated and aligned. For the rpf cluster, 
sequences of AcnB through RpfD were used. Differences in gene content precluded 
alignment of the LPS biosynthetic gene cluster sequences across all genomes. Instead, the 
predicted amino acid sequences of the bordering etfA and metB genes were examined. For 
reference, a phylogenetic tree was generated from an alignment of the rrnA operon of each 
strain, rooted by including the rrnA operon of Xylella fastidiosa strain 9a–5c. 
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The rrnA tree groups the Xanthomonas strains into three distinct clades consisting of the X. 
campestris strains, the X. oryzae strains, and the X. axonopodis strains, in agreement with 
Rademaker et al. (14). The X. axonopodis clade is basal, suggesting that these strains most 
closely resemble the common ancestor of the three clades. In the trees derived for each gene 
cluster, though the trees are not rooted and relative distances among sequences from different 
strains vary from those in the rrnA tree, the three clades are generally preserved. This shared 
overall topology indicates that the most recent common ancestor of the strains examined 
contained each of the clusters and that the current sequences are the result of evolution over 
the course of direct transmission. Exceptions to the shared topology are the positions of Xav 
and Xac in the hrp and rpf trees. In these trees, Xav lies between the X. oryzae clade and Xac, 
and Xac occupies a distinct, more distant branch. The nucleotide sequence of the core hrp 
genes (hrcC through hpaB) of Xav is more similar to that of Xoo (94% identity) than to that 
of Xac (92% identity). The Xac sequence is 99% identical to that of strain 8ra of X. 
axonopodis pv. glycines (GenBank accession AF499777). In the rpf tree, Xac is markedly 
distant from the other strains. Individual Rpf protein trees (not shown) indicate that this is 
due to highly distinct sequences for RpfF and RpfC in Xac. Also, the Xac cluster is missing 
rpfH and lacks any intergenic space between rpfC and rpfG. Thus, lateral acquisition and 
substitution of or within the hrp and rpf clusters may have taken place in the Xac or Xav 
lineages. It is also possible, though less likely based on the degree of divergence of the 
sequences, that the X. axonopodis clade, being the most basal in the phylogeny, acquired a 
greater degree of sequence diversity at these loci independent of lateral transfer. 
 
Nevertheless, the exceptional sequence relationships for hrp and rpf genes in Xac and Xav do 
not correlate with host-or tissue-specificity within the group of strains examined. Also, with 
regard to host specificity, except for the X. axonopodis strains, which infect citrus and pepper, 
respectively, strains within clades infect the same or closely related hosts, so the topology 
where it is shared with that of the rrnA tree is not informative, except that there is no robust 
clustering of pathogens of monocots versus pathogens of eudicots. That is, there is no 
correlation of gene cluster sequence with the general class of host colonized, arguing against 
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a defining role of any particular cluster in determining host specificity. With regard to tissue 
specificity, X. campestris and X. oryzae each contain vascular and non-vascular pathogens, 
yet across these species, none of the trees group pathogens that colonize the same tissues and 
therefore provide no evidence of a role in tissue specificity for any of the clusters. The 
similarity of the etfA and metB tree to the others indicates that the recombination that gave 
rise to the observed diversity of gene content at the LPS biosynthesis locus took place within 
or between these genes. 
 
Sequences predicted to be under selection 
To identify candidate sequences under selection during adaptation that led to the different 
Xanthomonas strains, we carried out an analysis of non-synonymous vs. synonymous 
substitutions in the multiple alignments of concatenated coding sequences in each cluster 
across genomes using the Selecton Web Server (101). Most sequences showed evidence of 
purifying or no selection (Ka/Ks≤1), but codons in several genes in the xcs and hrp clusters 
showed evidence of positive selection, with the greatest concentration of such codons in 
hpaP, hpaA, and hrpE (Figure 3). High scores for residues in the xcs cluster alignments are 
considered tentative due to the small number of input sequences, which can result in artifact 
(101). The hpaP gene (hpaC in Xav) encodes part of a bacterial intracellular protein complex 
that includes the global effector chaperone HpaB. This complex controls type III secretion of 
effector proteins and of non-effector translocon proteins, which function in translocation of 
effectors into the plant cell (66). In Xav, HpaC distinguishes between two classes of effectors, 
only one of which is dependent on it for secretion. Divergence among HpaP/HpaC sequences 
could reflect different effector content across strains, which could be subject to positive 
selection via interactions with different plant hosts. The hpaA gene encodes a secreted and 
translocated protein that functions more broadly in the control of type III secretion, affecting 
the secretion of effectors and translocators, as well as the T3S pilus component HrpE (67), 
(102). Binding of HpaA to HpaB is thought to block effector secretion and allow passage of 
non-effectors; secretion of HpaA is postulated then to liberate HpaB and initiate effector 
secretion (67). In light of its effector non-discriminatory role in secretion, divergence among 
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HpaA sequences likely relates to its plant intracellular function. Positive selection in hrpE, 
which encodes the T3S pilin subunit, was identified and discussed previously (103). 
 
To address whether the evidence of positive selection we detected might relate to host- or 
tissue-specificity, we aligned sequences, both nucleotide and predicted amino acid, and 
constructed trees for each of the xcs and hrp genes individually. Except for HrcS and HrcN, 
none of the trees show relationships different from strain phylogeny, including the trees for 
hpaP, hpaA, and hrpE. The HrcS tree groups Xca more closely with the X. axonopodis 
strains than with the Xcc strains, suggestive of a correlation to tissue-specificity for those 
strains, but Xoc in that tree groups with the Xoo strains, and HrcS, as a predicted inner 
membrane, core component of the T3S apparatus, would not be expected to play a direct role 
in host interactions. The HrcN tree places the X. oryzae strains between Xav and Xac, but 
this relationship does not reflect host- or tissue-specificity, and HrcN, a cytoplasmic ATPase 
that drives T3S, like HrcS would not be expected to play a direct role in host interaction. 
 
Gene product polymorphisms correlated to tissue-specificity 
Irrespective of evidence for positive selection, in the multiple alignment for each cluster, 
individual residues at each position were examined for polymorphism that correlated to 
tissue-specificity. To maximize the likelihood of detecting correlations, residues were scored 
for similarity using several different amino acid substitution matrices (see Materials and 
Methods). Across all alignments, four positions correlated with tissue-specificity, based on 
any matrix. These correspond to residue 131 in HpaA and residues 494, 696, and 698 in 
XpsD (Table 2; positions given relative to the Xoc sequences). The same analysis but with 
Xoc and Xoo switched in the groupings served as a control to assess the significance of the 
observed numbers of residues potentially involved in tissue-specificity. Because the control 
also indicated two positions (one in hrcU and one in XpsD), we cannot exclude the 
possibility that the residue differences correlated to tissue-specificity listed above are chance 
events. However, the identity of the genes in which the correlated positions are located, and 
the concentration of possible tissue-specificity determinants in the C-terminal domain of 
XpsD are intriguing. 
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As discussed earlier, HpaA is a substrate of the T3S system that also plays a role in 
controlling secretion of type III effector and translocator proteins, via interaction with HpaB. 
Residue 131 in HpaA (a 275 amino acid protein) is between the N-terminal secretion and 
translocation domain and the C-terminal HpaB-binding domain (67). An effector function for 
HpaA has not yet been identified, but the abundance of positions showing evidence of 
positive selection and the correlation of residues at position 131 with tissue-specificity are 
consistent with an important, host-interactive role, and potential for residue 131 in particular, 
in determining the ability of the bacterium to colonize different host tissues. 
 
XpsD is an outer membrane protein (104). Members of the T2S:D protein family, to which 
XpsD belongs, are postulated to function as gatekeepers for type II secretion, demonstrating 
species-specific function for different type II secretion substrates (105-106). XpsD in 
different strains could direct the secretion of different sets of proteins adapted for function in 
different tissues, or, as a bacterial outer membrane protein, XpsD could function as an 
elicitor of tissue-specific plant responses that confer interaction specificity. Consistent with 
the latter hypothesis, two of the three positions in XpsD that correlate with tissue-specificity 
reside in the hypervariable C-terminal S domain. As demonstrated with PulD of Klebsiella, 
the S domain interacts with a specific lipoprotein (PulS in the case of PulD) that pilots it to 
the outer membrane and is thought to aide in homo-oligodimerization. In complex with this 
lipoprotein, the S domain is predicted to be largely exposed on the bacterial cell surface (107). 
 
Conclusion 
Several pathogenesis-associated gene clusters across eight Xanthomonas strains were 
compared to assess potential contributions of these clusters to host- and tissue-specificity. 
The strains fall into three clades, corresponding to species, each containing two pathovars. 
Included in these pathovar pairs are pathogens that infect the same host with different tissue-
specificity, as well as pathogens that infect different hosts, with shared tissue-specificity. One 
of the clades is made up of monocot pathogens, and the other two are pathogens of eudicots. 
One of the eudicot pathogen clades is more closely related to the monocot pathogen clade 
than to the other eudicot pathogen clade (Figure 2). For this broadly representative group of 
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plant pathogenic Xanthomonas strains, adaptation to different plant hosts and specific tissues 
within a host does not include major alteration or exchange of content within any of the gene 
clusters examined. Complex relationships within an LPS biosynthesis gene cluster indicate a 
history of horizontal transfer events and diversifying selection, suggesting an adaptive role, 
but these relationships do not correlate with host- or tissue-specificity. 
 
Positive selection is evident at sites in several genes in the xcs and hrp clusters. Nevertheless, 
none of the xcs or hrp genes individually, when compared across strains, showed 
relationships that group pathogens from different clades based on host specificity (i.e., 
eudicot vs. monocot pathogens) or tissue-specificity (i.e., vascular vs. non-vascular 
pathogens). Across all alignments, however, four positions showed correlation of amino acid 
residue identity with tissue specificity, revealing the T3S regulatory and putative effector 
gene hpaA and the type II secretory pathway gene xpsD as candidate tissue-specificity 
determinants. 
Comparison with other members of the Xanthomonadaceae revealed that the rpf and xps 
gene clusters were present early in the evolution of the group, that the hrp, gum, and xcs gene 
clusters were acquired later, and that the xcs cluster was subsequently lost in the lineage that 
gave rise to the X. oryzae clade (Figure 4). This pattern of acquisition and loss, coupled with 
the demonstrated importance of the hrp and gum clusters to pathogenesis in several 
Xanthomonas spp. and the lack of evidence for an important role of xcs genes in plant 
pathogen interactions, suggest that acquisition of the hrp and gum clusters were critical steps 
in the evolution of plant pathogenicity in Xanthomonas. 
 
The results of our study provide insight into the nature of the first Xanthomonas genome, and 
suggest that differentiation of Xanthomonas species and pathovars with respect to host and 
tissue specificity resulted from subtle changes in a small number of individual genes in the 
gum, hrp, xps, xcs, or rpf clusters, modifications in non-coding, regulatory sequences in the 
clusters, and/or differences outside the clusters. Functional characterization of the differences 
discovered in hpaA and xpsD, expression analysis of the genes in each cluster, and 
examination of differences outside the clusters that correlate to host and tissue-specificity, 
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particularly among regulatory targets or secretory substrates, or genes for environmental 
sensing, are important next steps. 
 
Methods 
Genome sequences and annotation 
The genome sequences and annotation used are presented in Table S1. For some sequences, 
annotation was confirmed and refined manually by performing BLASTP comparisons against 
the non-redundant protein database (National Center for Biotechnology Information) and 
against other Xanthomonas genomes directly. Orthologs were defined as reciprocal best 
matches by BLASTP with an e-value minimum of e−20 and 60% coverage (19). 
 
Gene cluster comparisons 
The genome clusters and corresponding genes were retrieved from genome sequences by 
referencing genome annotation. The coordinates for each cluster in each strain are presented 
in Table S2. Orthologous genes were grouped together, and in each group similarity to the 
gene in Xoc (if present) was calculated based on predicted amino acid sequence using the 
needle program of the EMBOSS package (108). IS elements and tRNA genes were identified 
and mapped with BLASTN. Custom software was used to scan genome sequences to detect 
perfect and imperfect plant-inducible promoter sequences (PIP boxes, 109). Overall sequence 
similarity of each cluster sequence to the Xoc sequence for that cluster was calculated using 
the stretcher program of the EMBOSS package (108). GC content was plotted using a 
window size of 160 bp and a step size of 40 bp. In select comparisons, the genome of Xylella 
fastidiosa strain 9a–5c was included in the analysis but not shown. Schematic representations 
of the clusters were generated using custom software with the pre-calculated information 
above. 
 
Phylogenetic analyses 
Concatenated protein sequences for each cluster and nucleotide sequences for the rrnA 
operon were aligned using ClustalW, Version 1.83, with default parameters (110). Aligned 
sequences were inspected and manually adjusted when necessary. Regions with gaps 
 55 
between the strains were excluded to avoid problems reflecting start codon misassignment. 
Neighbor-joining trees were generated using PHYLIP (111) and displayed using Mega 3.1 
(112). Bootstrap values were derived from 1,000 replicates in each case to validate tree 
topology and are expressed as percent. Sequence from Xylella fastidiosa strain 9a–5c was 
used as an outgroup. For individual genes with codons showing evidence of positive 
selection, protein sequences were aligned using ClustalW, and trees were generated using 
PHYLIP. The PHYLIP programs PROTDIST and DNADIST, which use maximum 
likelihood estimates, were used to calculate distances, FITCH was used to estimate 
phylogenies from the distance matrices, and DRAWTREE was used to draw unrooted trees. 
 
Analysis of synonymous and non-synonymous substitutions 
For analysis of synonymous and non-synonymous substitutions, nucleotide sequences of 
genes conserved across strains for each cluster were concatenated, using a 99 N spacer 
between individual gene sequences, and submitted to Selecton Version 2.4 
(http://selecton.tau.ac.il) (101) with the Xoc sequence as consensus. The Mechanistic 
Empirical Combination (MEC) model was used with the “high precision” option selected. 
With custom software, Ka/Ks scores calculated by Selecton were plotted using a 50 amino 
acid window size and 20 amino acid offset. For each cluster that contained residues with 
evidence of positive selection (high Ka/Ks ratio), multiple alignments of each gene in the 
cluster across strains were generated and submitted to Selecton individually for confirmation, 
using the same parameters as above. For each of these multiple alignments, trees were also 
generated, as described above. 
 
Identification of gene product polymorphisms correlated to tissue-specificity 
The multiple alignment of each cluster was scanned for positions at which residues in the 
Xcc and Xoo sequences vs. residues in the Xoc, Xca, Xac, and Xav sequences were more 
similar within these groups than across them. For this analysis, gaps in the alignments were 
retained. To minimize artifacts of alignment, only positions with at least one completely 
conserved neighbor were taken into consideration. The amino acid substitution matrices 
BLOSUM45, BLOSUM62, BLOSUM80, PAM30, PAM70 were used to assign substitution 
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scores at each position in all pairwise comparisons, and then for each position the mean of 
the substitution scores within the groups of strains with like tissue-specificity, i.e., 
(Score(Xoo, Xcc)+Score(Xoc, Xca))/2, was compared with the mean of the scores for 
substitutions across groups of shared tissue specificity, i.e., (Score(Xoo, Xoc)+Score(Xoo, 
Xca)+Score(Xcc, Xoc)+Score(Xcc, Xca))/4. Any positions for which the mean within-group 
score was greater than the mean across-group score and at which there were no identical 
residues in any of the across-group comparisons were retained. For comparison to assess 
significance, these calculations were repeated using a tissue non-specific grouping of strains 
formed by switching Xoo with Xoc. 
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Figures 
 
 
 
Figure 1. Comparison of six clusters of genes involved or implicated in pathogenesis 
among Xanthomonas strains representing three species and six pathovars. 
Sequences of X. oryzae pv. oryzicola strain BLS256 (Xoc), Xanthomonas oryzae pv. oryzae 
KACC100331 (XooK) and MAFF311018 (XooM), X. axonopodis citri strain 306 (Xac), X. 
axonopodis pv. vesicatoria strain 85-10 (Xav), X. campestris pv. campestris strains 
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ATCC33913 (XccA) and 8004 (Xcc8), and X. campestris pv. armoraciae strain 756C (Xca) 
were used. Arrows represent individual genes. For each cluster across genomes, homologs 
are shown in like colors. Gene identities are given (non-redundantly) above each gene. The 
blue trace above each cluster represents GC content (window size: 160 bp, step: 40 bp). The 
black line above each cluster marks the average GC content of the genome, specified below 
and to the left of the line. Shown for each gene is the percent identity of the predicted product 
to that of the corresponding gene (if present) in the genome shown at the top. The overall 
similarity of each cluster to the cluster at the top is given at the near right. The average GC 
content of each cluster is given at the far right. Where clusters from different strains of the 
same pathovar are essentially identical, only one is represented. Insertion sequence elements 
are indicated by red rectangles, tRNA genes by blue triangles and plant-inducible promoter 
sequences (PIP boxes) by red or blue flags. A red flag represents a perfect PIP box and a blue 
flag represents an imperfect one. The orientation of the PIP box is represented by the 
orientation of the flag above or below the cluster. A, the gum gene cluster; B, the xps and xcs 
gene clusters; C, the hrp gene cluster; D, the rpf gene cluster; E, the lipopolysaccharide 
biosynthesis gene cluster bordered by the etfA and metB genes.
 66 
 
Figure 2. Relationships across Xanthomonas strains of ribosomal RNA sequences and 
sequences of pathogenesis-associated gene clusters. 
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Phylogenetic trees generated as described in Materials and Methods are shown. rrnA, the 
rrnA operon (nucleotide alignment); gum, GumB through GumJ; xps/xcs, XpsD plus XpsE 
through XpsN, and XcsD through XpsM plus XpsC; hrp, HpaB through Hpa2; rpf, AcnB 
through RpfD; etfA-metB, EtfA and MetB, which flank the LPS biosynthetic locus (see 
Figure 1E). Strain abbreviations are as in the text. Sequence from Xylella fastidiosa 9a–5c 
was used to root the rrnA tree. Numbers above and below branch points are bootstrap values 
(as percent) for neighbor-joining with 1000 replicates. Scale represents relative distance as a 
function of substitutions over time. 
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Figure 3. Sequences predicted to be under selection within the gene clusters examined. 
Based on the multiple alignments for each cluster, the Ka/Ks score for each codon was 
calculated with Selecton (101). Shown is a plot of the Ka/Ks scores across each cluster using 
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a window size of 50 with an offset of 20 residues, drawn using custom software. The vertical 
scales refer to the number of residues predicted to be under purifying (left) or positive (right) 
selection in each window. Evidence for selction (Ka/Ks ratios) is color coded, as shown at 
upper right, with yellow representing evidence of strong positive selection (high Ka/Ks ratio) 
and purple purifying selection (low Ka/Ks ratio). Raw selecton output for each alignment is 
available as Data S1. 
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Figure 4. Inferred pattern of acquisition or loss of five pathogenesis-associated gene 
clusters in Xanthomonas. 
Based on comparison of genome sequences and other data among Xanthomonas strains and 
the close relatives Xylella fastidiosa and Stenotrophomonas maltophilia (see text), an inferred 
pattern of acquisition or loss of five pathogenesis associated gene clusters during the 
evolution of different Xanthomonas lineages is shown, superimposed on a phylogenetic tree 
drawn from an alignment of 16s rRNA gene sequences. Potential horizontal exchange of hrp 
and rpf sequences affecting the X. axonopodis clade, discussed in the text, is not depicted. 
Strain abbreviations are as in the text. For X. fastidiosa, the strain 9a–5c sequence was used. 
For S. maltophilia, the strain K279a sequence was used. 
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Tables 
Table 1. Classification of the examined Xanthomonas strains by host- and tissue-specificitya. 
 
 
Table 2. Amino acid residues in alignments of pathogenesis-associated gene products that 
correlate with tissue-specificity across eight Xanthomonas strains. 
 
 
Supporting Information 
Supporting information includes 1) Table S1, Xanthomonas genome sequences examined in 
this study, 2) Table S2, Coordinates (bp) of the gene clusters examined in the eight 
Xanthomonas genomes, 3) Text S1, Additional details of gene cluster comparisons, and 4) 
Data S1, Raw Selecton output used to generate Figure 3. 
 
Text S1 - Additional details of gene cluster comparisons 
The gum gene cluster 
In Xav, gumN is disrupted by an insertion sequence (IS) element, IS476. In XooK and XooM 
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there are two IS elements, ISXo7 and ISXoo16, downstream of gumN, which is intact. These 
IS elements are not present, however, in Xoc. Instead, in Xoc, gumN is broken into two likely 
nonfunctional ORFs separated by apparently vestigial sequences of IS476, suggestive of 
insertion and subsequent imperfect excision. Downstream of gumN in Xac, Xcc, and Xca is a 
short noncoding region followed by gumO, gumP and a third gene, cdh2 (encoding 
NAD(P)H steroid dehydrogenase) in an arrangement that suggests co-transcription. In Xav, 
cdh2 is missing and not found elsewhere in the genome. In Xoc, cdh2 and gumP are missing, 
and gumO is truncated. In XooK and XooM, all three genes are absent. At the other end of 
the cluster, between gumB and gumA, a tRNA-Pro is present in all eight strains.  
 
The most divergent intact gene in the cluster is gumG: percent amino acid identity across 
strains ranges from 66.0 to 96.4. This gene encodes an acyltransferase proposed to target the 
external mannose residue of a lipid-linked pentasaccharide xanthan intermediate (1). In each 
cluster, GumG shows roughly 40% identity with GumF. gumG is not present in the gum gene 
cluster of Xylella fastidiosa. Thus, this gene is almost certainly a duplication of gumF, which 
could explain its greater divergence among strains: if functionally redundant to gumF, gumG 
would not be under selective constraints and could accumulate more mutations. Conceivably, 
differences in the activity of different GumG orthologs could result in differential acylation 
of xanthan in different strains and affect interactions with plants. Nonetheless, ablation of 
gumG caused only a moderate reduction in virulence in Xcc (1), and relationships among the 
GumG orthologs from the strains examined do not differ from the overall phylogeny (see 
below), suggesting that gumG does not play a role in determining interaction specificity.  
 
A role for gumO and gumP in host-specificity related to EPS structural variation is 
conceivable based on the unique presence of these genes in the pathogens of eudicots. 
However, no mutations associated with virulence that map to these genes have been reported, 
and their predicted functions based on BLAST matches to characterized protein families 
(TIGR00747, 3-oxoacyl-(acyl-carrier-protein) synthase III, and PF00753, metallo-beta-
lactamase, respectively) do not appear to relate to xanthan biosynthesis. 
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The hrp gene cluster 
The majority of hrp and hrc genes are present in Region I, extending from hpa2 to hpaB, in 
the same order and orientation across strains, suggesting that this represents the ancestral 
arrangement. An argument can be made for the ancestral cluster also containing the gene 
immediately downstream of hpa2, designated here as hpa5, because related sequences can be 
found in all of the genomes, and because hpa5 is preceded by a candidate PIP (plant 
inducible promoter) box, a conserved regulatory element found upstream of hpa1, hrpD5, 
hrcQ, hrcU and hrpB1, and in degenerate form upstream of hpa2 (2). Interestingly, the 
integrity of hpa5 as represented in Xoc was not maintained in most of the genomes. For 
example, the X. campestris strains share an apparent multiple gene insertion event within the 
hpa5 sequence. Two of the inserted ORFs (XCC1246 and XCC1247 in XccA) share 
sequence relatedness with eop3 and xopP, respectively, of Erwinia amylovora and Xav, and 
therefore may encode type III-secreted effector proteins (3,4). Xav is exceptional in Region I 
in that a type III effector gene named xopD, flanked by repetitive elements, is inserted 
between hrcC and hpa1.  
 
Region II is centered on hrpF, conserved in all genomes and the only known critical gene of 
the region. Most genomes also contain xopF1 or remnants and an associated ORF referred to 
here as hpa3. When present, hpa3 is preceded by a near-perfect PIP box and may be 
cotranscribed with xopF1, which has features of a type III effector protein in Xav (4). xopF1 
and hpa3 may represent the ancestral Region II since they are present in Xoc, XooM, Xav, 
and Xca, which represent each of the three Xanthomonas species examined. The Xcc strains 
are missing hpa3 and the N-terminal coding region of xopF1. Xac has an apparent frameshift 
mutation in xopF1. In keeping with their close ancestry, however, Xca and the Xcc strains 
share some differences from the other strains in Region II. They lack hpaF loci, and hrpF is 
oriented opposite in relation to the other strains. Additionally, hrpW, either not present (Xav, 
Xoc, XooK, and XooM) or unlinked (Xac) to the hrp gene cluster in other strains, is present 
at the Region I–proximal border of Region II in the X. campestris strains. Region II in Xca 
contains an additional, large ORF, downstream of hrpF, which is related to candidate type III 
effector genes of the SKWP family (5). In Xav, the full-length hpaF is represented by two 
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genes, hpaF and hpaG, suggesting that this strain suffered a mutation that split the ORF into 
two. 
 
The rpf gene cluster 
The rpfF and rpfC genes in Xac are somewhat divergent relative to their counterparts in the 
other genomes. Variations in the remainder of the rpf gene cluster are more pronounced 
(Figure 1D). rpfH is intact only in Xav and the X. campestris strains. The gene is completely 
missing from Xac and from the rpf cluster of the Xf and Sma genomes, but remnants are 
present in the X.oryzae strains. Though not conclusive, these observations suggest that rpfH 
is ancestral but has been lost independently in different lineages. The rpfD gene, though 
present in each genome, displays the most sequence variation, suggesting a possible adaptive 
role, but relationships within the gene family (not shown) mirror those based on rDNA 
alignments (see below). Immediately downstream of rpfD in Xoc resides a membrane 
protein–encoding gene that is truncated relative to its orthologs, which are present in all of 
the other strains. In the X.campestris strains, rpfD and this gene are separated by two short 
ORFs also predicted to encode membrane proteins. Downstream, the rpfI gene is present in 
Xoc and the X. campestris strains but absent from Xav and Xac. In XooK and XooM rpfI 
carries three internal frame shifts and is adjacent to a small region with IS elements. This 
region in Xac contains IS elements and a homolog of the wapA gene required for biofilm 
formation and attachment in the dental pathogen Streptococcus mutans (6). 
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Table S1. Xanthomonas genome sequences examined in this study.  
Organism Disease Abbr. 
Size 
(Mb) Components 
% 
G+C 
% 
coding Genes 
GenBank 
Accession(s) Ref 
Xanthomonas 
axonopodis pv. 
citri 306 
Citrus 
canker Xac 5.27 
Circular 
chromosome 
 (5,175,554 bp) 
 Plasmids 
 pXAC64 
(64,920 bp), 
pXAC33 
(33,700 bp) 
64.8 90.3 5,809 
NC_003919 
NC_003922 
NC_003921 
(1) 
X.axonopodis 
pv.vesicatoria 
(X.campestris 
pv.vesicatoria) 
85-10 
Bacterial 
spot disease 
of pepper 
and tomato 
Xav 5.42 
Circular 
chromosome 
(5,178,466 bp), 
Plasmids 
pXCV183 
(182,572 bp), 
pXCV38 
(38,116 bp), 
pXCV19 
(19,146 bp), 
pXCV2 
(1,852 bp) 
64.6 86.6 5,229 
NC_007508 
NC_007507 
NC_007506 
NC_007505 
NC_007504 
 
(2) 
X. campestris 
pv. campestris 
8004 
Black rot of 
crucifers Xcc8  5.15 
Circular 
chromosome 65.0  87.2 5,079 NC_007086 (3) 
X. campestris 
pv. campestris 
ATCC33913 
Black rot of 
crucifers XccA 5.08 
Circular 
chromosome   65.1 90.1 5,832 NC_003902 (1) 
X. campestris 
pv. armoraciae 
756C 
Leaf spot 
disease of 
crucifers 
Xca 4.94 Circular 
chromosome    65.3 85.3 4,598 Pending
b
 (4) 
X. oryzae pv. 
oryzae 
KACC10331 
Bacterial 
blight of 
rice 
XooK 4.94 Circular 
chromosome    63.7 87.6 5,805 NC_006834 (5) 
X. oryzae pv. 
oryzae 
MAFF311018 
Bacterial 
blight of 
rice 
XooM 4.94 Circular 
chromosome    63.7 83.9 5,091 NC_007705 (6) 
X. oryzae pv. 
oryzicola 
BLS256 
Bacterial 
leaf streak 
of rice 
Xoc 4.83 Circular 
chromosome   64.0 86.0 4,686 
AAQN01000 
001c (4) 
a
 Genome statistics were derived from the TIGR automated annotation for each genome 
available 
through the Comprehensive Microbial Resource (CMR; http://cmr.jcvi.org). 
b
 Finished sequence and draft annotation are available through the CMR. 
c
 Finished sequence only. Finished sequence and draft annotation are available through the 
CMR. 
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Table S2. Coordinates (bp) of the gene clusters examined in the eight Xanthomonas genomes.  
Genomea gum Xps xcs hrp rpf lps 
Xac 3,028192-
3,048,738 
4,178,455-
4,189,560 
813,305-
845,755 
462,612-
491,050 
2,160,878-
2,191,415 
4,253,203-
4,274,866 
Xav 3,148,901-
3,169,454 
4,213,203-
4,224,466 
852,276-
874,639 
459,855-
495,309 
2,158,277-
2,180,861 
4,286,730-
4,307,761 
Xca 2,900,826-
2,921,324 
846,986-
861,263 
4,013,878-
4,033,581 
1,481,968-
1,529,914 
2,158,303-
2,183,043 
774,891-
794,777 
Xcc8 1,992,417-
2,012,926 
4,230,259-
4,241,536 
877,383-
897,083 
3,588,956-
3,622,061 
2,810,926-
2,835,681 
4,296,386-
4,318,442 
XccA 2,898,293-
2,918,802 
799,012-
810,289 
4,067,649-
4,087,364 
1,421,715-
1,454,821 
2,147,236-
2,171,985 
719,235-
742,650 
Xoc 1,841,346-
1,861,882 
3,917,322-
3,928,637 
746,437-
761,088 
4,562,703-
4,594,229 
2,246,801-
2,269,816 
3,982,619-
4,009,081 
XooK 3,397,334-
3,417,874 
868,233-
879,488 
4,182,036-
4,198,870 
58,173-
95,124 
3,070,712-
3,098,733 
792,353-
806,716 
XooM 3,403,842-
3,424,382 
837,539-
848,845 
4,178,615-
4,195,434 
81,836-
118,742 
3,063,489-
3,091,473 
760,713-
775,066 
a
 Strain abbreviations are as in the text. 
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ABSTRACT 
Understanding how cis-regulatory elements can provide spatial, temporal and conditional 
instructions for mRNA synthesis is paramount.  Motif identification often capitalizes on 
either motif retention in independent lineages or functional associations like shared pathway 
membership and co-expression.  Model Genome Interrogator (MGI) facilitates combining 
these approaches by finding putative orthologs and allowing visualization and extraction of 
gene model components from spliced comparative alignments.  For lists of functionally 
associated genes, MGI can perform batch extraction to rapidly assemble datasets for motif 
searching and other applications.  For both within- and cross-species use cases, we 
demonstrate that both known and novel motifs can be detected using this approach.  For the 
cross-species cases, this implies that the regulatory mechanism operates in both species and 
is sufficiently important to have been independently conserved in both lineages since 
evolutionary divergence.  Sequence datasets constructed using MGI may have inherent biases, 
such as enriched representation of highly expressed genes found through shallow sequencing 
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of EST collections.  In order to treat these issues and to permit further evaluation of 
candidate motifs identified, we developed empirical methods for two initial search algorithms 
and validated their efficacy with our use cases.  All MGI software is freely available and has 
been implemented at http://www.PLEXdb.org. 
 
 
INTRODUCTION 
Although a very large number of genomes and transcriptomes are being sequenced now with 
efficient and cost-effective methods, accurate genome assembly, annotation, and functional 
characterization remain a bottleneck.  Therefore, the concept of model and reference 
genomes will remain a staple of practical approaches to mining the novel sequence data.  A 
small set of these reference and model genomes will be annotated and studied in great detail, 
and much of what will be learned about other genomes and transcriptomes will be evaluated 
first in comparison to the set of well-studied models.  For example, characterization of the 
gene space of a newly sequenced genome will be primarily based on identification of 
homologs of known genes, with the remaining predicted species-specific gene models 
comprising a more limited target for further experimental study. 
 
Understanding the genetic elements that control gene expression is one of the paramount 
problems in genomics.  In a typical experiment, either microarray or RNA-Seq data will 
reveal coordinately expressed genes under certain physiological or developmental conditions.  
Presumably, this coordinated expression is in response to a common set of transcription 
factors that are activated under the respective conditions.  Conserved motifs in the non-
coding sequences upstream of genes would be likely candidates for cis-regulatory elements 
recognized by the presumed set of shared transcription factors.  Numerous experimental and 
computational studies have proved the efficacy of this approach.  Thus it is reasonable to 
extend these studies to the current sequence world where we have a few well-studied 
reference genomes and a large amount of gene expression data from species which lack fully 
sequenced genomes.  Assuming that the underlying biochemistry of gene expression is 
conserved between the species being studied and the model organism, one would first 
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identify the model genome homologs of the coordinately expressed genes and then analyze 
their sequences and expression patterns where available.  In the ideal case of conserved gene 
expression patterns and conserved motifs, the combined experimental and computational 
study should generate testable hypotheses about the pathway responsible for the coordinate 
gene expression. 
 
Here we report on the implementation of a Web resource that largely facilitates the 
computational aspects of studies as described above for plant gene expression data.  The 
PLant EXpression database (PLEXdb) is a public resource for analysis of gene expression 
data sets collected from plants and their pathogens (Wise et al., 2007).  Model Genome 
Interrogator (MGI) is a new tool at PLEXdb that helps researchers to quickly evaluate their 
gene expression data in the context of a model plant genome.  By mapping user-selected 
probe sets to their homologous gene counterparts in a model genome, MGI provides 
structural genomic support for integrated and comparative exploration of gene expression 
data.  Specifically, MGI allows researchers to view annotations, visually evaluate gene 
models, and extract sequence data from promoters, exons, introns, and untranslated regions 
(UTRs) for each homolog identified.  We discuss two use cases involving gene sets from the 
plant disease-defense literature and demonstrate that both known and novel promoter motifs 
can be detected using this approach. 
 
 
RESULTS 
We first describe a Web-accessible implementation of the developed software.  While the 
code is also available for standalone installation, the Web tool is integrated with publically 
available microarray platforms and annotated model genomes so that researchers may 
analyze their own new data, or any and all published data from experiments on the supported 
microarrays.  We then explore the extent to which native probe sets and probe sets from non-
model species could be confidently mapped to the model genomes and give two sample 
applications, one of analyzing an experiment in Arabidopsis (in which case the probe sets are 
from the model species) and the second of an experiment in barley, with mapping of the 
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probe sets onto rice as the model genome.  In both examples, we identified candidate 
transcriptional regulatory motifs in the upstream regions of the co-regulated genes, and we 
discuss statistical evaluation of the candidate motifs to guide biological interpretation of the 
results. 
 
Implementation of Model Genome Interrogator 
MGI has been integrated with PLEXdb (http://www.plexdb.org/modules/MGI/) to provide 
structural genomic support for integrated and comparative exploration of gene expression 
data.  It allows users to match probe sets from any of the 14 different plant expression 
platforms supported by PLEXdb to the two best annotated plant model genomes, Arabidopsis 
and rice.  As illustrated in Figure 1, MGI allows researchers to view annotations, visually 
evaluate gene models, and extract sequence data from promoters, exons, introns, and 
untranslated regions (UTRs) for each putative homolog identified. 
 
A tutorial on MGI usage is available at the Web site 
(http://www.plexdb.org/modules/documentation/MGI_TUTORIAL_README.pdf).  Briefly, 
users enter a list of gene identifiers (probe set names) as queries, specify the microarray 
platform from which the identifiers originate, choose the model genome to interrogate, and 
select desired output options (Figure 1A).  Sample data are provided for illustration.  
Submission of the list generates both graphical and tabular output, respectively showing a 
map of where each likely homolog maps in the model genome and the identities and 
annotations of the matched model genome genes (Figure 1B and C).  Query probe sets that 
could not be mapped onto the chosen model genome are listed as “Unmapped Probe Sets” 
underneath the output table.  For each of the mapped probes sets, detailed information is 
provided concerning the statistical significance of the matches (see Materials and Methods).  
Links to PlantGDB (http://www.plantgdb.org; Duvick et al., 2008), Gramene 
(http://www.gramene.org; Liang et al., 2008), TAIR (http://www.arabidopsis.org; Swarbreck 
et al., 2007), and the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu; 
Ouyang et al., 2007) allow users to quickly review the model genome genes in their genomic 
context.  To allow the researcher to visually evaluate comparative gene models for each 
 83 
query, intuitive displays are color-coded according to evidence sources and show alignments 
with translation start and stop sites marked (Figure 1D).  The graphical results are 
dynamically generated from pre-computed results, so there is no significant delay for 
displaying hundreds of models. 
 
Sequence extraction tools (Figure 1D) allow single or batch extraction of promoter, 5'-UTR, 
1st exon, 1st intron, and 3'-UTR sequences for all or selected model genome matching genes.  
For extraction of promoter sequences, the researcher may specify the length of sequence to 
retrieve and whether or not to include sequences that may be part of the transcript of a 
neighboring gene. 
 
Extent and fidelity of within- and cross-genome comparisons 
Depending on the specific platform, the microarray probe sets consist of either medium-
length oligonucleotides or of sets of short oligonucleotides, in each case derived from 
experimentally verified cDNAs or from pseudo-transcripts deduced from EST assemblies.  
The feasibility of MGI depends largely on how many of these transcripts can be mapped 
reliably onto the model genomes.  To safeguard against different types of errors, we 
employed three matching strategies: spliced alignment of query taxon transcripts to the 
model genome; nucleotide-level matching of query taxon transcripts to model genome 
derived transcripts; and protein-level matching of query taxon translations to model genome 
annotated protein products.  Unsuccessful mapping may result from mis-assembled query 
taxon transcripts; statistically insignificant matching due to excessive sequence divergence 
between the query species and the model species; or mis-annotations of the model genome. 
 
MGI reports pre-computed probe set to model genome alignments (see Materials and 
Methods), with user options to include or exclude sites based on available evidence for the 
model genome loci to represent a protein-coding gene (e.g., the most conservative approach 
would be to only further analyze model genome loci for which full-length cDNAs confirm 
the annotated gene model).  Table 1 shows the numbers of probe sets for each supported 
microarray platform that were successfully mapped to the Arabidopsis and rice genomes.  As 
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expected, the within-species data mapping is most successful, with all but 30 of the 22,746 
ATH1 probe sets finding a match to the Arabidopsis genome.  The fidelity of these matches 
is high, with 94.8% of the mapped probe sets matching only one physical locus after filtering, 
which retains additional matches only if they are at least 90% as good as the best match (see 
Materials and Methods).  The rice-to-rice mapping for both rice microarray platforms is 
similarly successful.  For the rice long-oligo array, 97.7% of probes find a match, with 93.3% 
of them uniquely matching one model locus.  For the Affymetrix rice GeneChip, these 
respective values are 94.7% and 93.4%. 
 
On the opposite extreme, connectivity across wide phylogenetic gaps is quite low.  
Microarray platforms from six dicotyledonous and five monocotyledonous species were 
mapped onto one monocot (rice) and one dicot (Arabidopsis) genome.  Monocots and dicots 
are estimated to have diverged ~150 million years ago (Chaw et al., 2004), so any 
comparison that crosses this taxonomic boundary has a lower extent of matching, averaging 
15.4% across all probe sets.  The fidelity of matches is also slightly lower, with only 66.0% 
of probes identifying a single homologous locus. 
 
Finally, comparisons within monocots or within dicots occupy a middle ground, with higher 
proportions of matched probes and single locus matches observed for monocots mapped onto 
the rice genome.  On average, 55.4% of non-rice monocot probes could be mapped to the rice 
genome, with 80.5% of matches mapping to a single locus.  For non-Arabidopsis dicot probe 
sets, these respective values are 27.7% and 69.9%.  These differences reflect the divergence 
times of the species groups within the two clades: the monocot species in question diverged 
from one another within the past ~60 million years, while the core eudicots radiated ~110 
million years ago (Chaw et al., 2004). 
 
Applications 
The described mapping of probe sets representing genes of one species to genomic loci in a 
model genome facilitates a combined functional and comparative genomics approach to 
studying gene expression.  In the simplest MGI application, probe sets of interest from a 
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particular expression profiling experiment can be interpreted with respect to the annotation 
and associated knowledge of the potential homologs in the model genome.  More in-depth 
analysis may discover potential regulatory motifs contributing to the presumed conserved co-
regulation of the model species homologs.  Here we describe two such applications, the first 
an example of within model species motif finding in Arabidopsis, and the second a cross-
species study going from barley to rice.  Together, these within- and cross-species cases 
cover the use of the two current MGI model genomes accessible through PLEXdb and 
provide an opportunity to discuss the practical and statistical considerations for our approach 
to regulatory motif finding. 
 
Motif identification for co-expressed genes in a model species.  For this application, we 
used a set of 64 Arabidopsis genes found to be direct targets of Nonexpressor of 
Pathogenesis Related protein1 (NPR1) and thus are likely to share elements associated with 
their co-regulation (Wang et al., 2005; Wang et al., 2006).  Functional NPR1 protein acts as a 
positive regulator of numerous defense pathways in addition to positively regulating PR1 
(Durrant and Dong, 2004).  Its direct targets in Arabidopsis include transcription factors, 
kinases, receptors, mildew resistance locus O2, oxidoreductases, and enzymes critical in 
primary and secondary metabolism pathways associated with disease defense (Supplemental 
Table ST1; Wang et al., 2006). 
 
All 64 probe sets could be mapped to a locus on the Arabidopsis genome, although we 
excluded one probe set that mapped to a transposon-rich region with no native genes 
(Supplemental Table ST1).  One of the probes matched three tandemly duplicated 
Arabidopsis genes equivalently well, and thus all three genes were included in the set of loci 
subjected to motif searches (thus comprising 65 sequence segments in total). 
 
MGI functions were used to extract 1 kb of sequence immediately upstream of the annotated 
transcription start sites for these loci, so long as it was not part of the transcribed sequence of 
a neighboring gene (see Materials and Methods).  The MEME program (Bailey and Elkan, 
1995; Moses et al., 2004; Bailey et al., 2006) was used to identify conserved motifs in this set 
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of sequences.  Program parameters were set to search for motifs in the length range 6-25 
(typical for transcription factor binding sites), and in two different runs the number of motifs 
per sequence was either restricted to be zero or one (“0-1”) or unrestricted (“any”).  These 
two settings target specific and distributed motifs, respectively.  Table 2 lists the top five 
motifs for each search as reported by MEME.  Supplemental Data Files SD1and SD2 
provide the complete MEME outputs from these searches. 
 
Motif identification for model genome homologs of co-expressed genes from a non-
model species.  For this example, we used a set of 25 barley genes that are coordinately 
expressed across several treatments involving inoculation with virulent and avirulent 
powdery mildew isolates (Caldo et al., 2004).  Collectively, the gene ontology classes of 
predicted functions for these 25 proteins include unknown, cellular metabolism, oxidative 
and disease stress responses, and synthesis of ethylene, lignin, shikimic acid and 
phytoalexins (Supplemental Table ST2).  These genes share both expression patterns and 
membership in pathways that have significant physiological overlap.  Thus, they comprise a 
good set to test the value of drawing upon functional association data for motif searching. 
 
For the barley-to-rice use case, MGI identified putative rice orthologs for 14 of the 25 probes 
used as queries.  For two of the barley probes, two rice genes matched equivalently well, and 
thus a total of 16 rice loci were included in our motif search, which was conducted as 
discussed above for the within-species example (Table 3, Supplemental Data Files SD3 and 
SD4). 
 
Evaluation of candidate motifs.  Motif results returned by MEME are ordered based on 
their E-values, which indicate the probability of finding an equivalently well-specified motif 
of a certain length in an equivalently sized data set with an equivalent rate of occurrence 
(Bailey et al., 2006).  In the absence of a well-developed sense of intuition for interpreting 
such results, it is difficult to know what level of E-value is required for significance in the 
context of the search approach used.  Notably, the motifs with the more visually compelling 
pictograms do not necessarily have the highest –log(E-value) scores.  For example, motif 
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R10 has very high information content, showing only two variable positions among the 25 
bases (Table 3).  Moreover, the three instances of R10 are observed in three separate 
promoters, since 19% of 16 is three (Table 3).  However, R10 is statistically the least 
significant of the five motifs reported in the barley to rice mapping case using the “any” 
method.  Using the “0-1” search method, R05 was identified in the same genes at the same 
sequence positions as R10 (Supplemental Data Files SD3 and SD4)  The lower information 
content of R05 relative to R10 is accounted for by its occurrence in four additional genes 
(Table 3). 
 
To better guide candidate motif interpretation, we developed statistical approaches that 
empirically compare the occurrence ratio of detected motifs in the retrieved promoter 
sequences with the ratio in all promoter sequences that are matched with MGI for the same 
microarray platform.  This approach alleviates two potential sources of sampling bias that 
could lead to false discovery of motifs.  Because it is clear that sequences immediately 
upstream of transcription start sites do not represent random sequence, it is important to use 
promoter sequences, rather than random genomic sequences, as the substrate for determining 
empirical significance of detected motifs.  It is also important to use the subsets of promoters 
that are matched in a particular microarray-to-model genome context, because the genes 
represented on the microarray may represent a biased collection of abundant mRNAs 
sampled from a limited number of tissues, time points, and conditions.  To treat these 
sampling issues, files containing 1 kb of upstream sequence for every matching gene have 
been generated for all 28 microarray to model genome comparisons.  Because sequence 
extraction with MGI can be performed with exclusion of sequence if it is part of the 
transcript of a neighboring gene, an additional file for each of these 28 cases provides the 
upstream sequences with exclusion.  Links to each of the 28 pairs of analysis files and the 
PERL scripts required to perform these analyses are found on the initial output page 
following query submission (Figure 1C). 
 
For each putative motif identified by MEME in our case studies, a position weight matrix 
(PWM) was calculated (Hertz and Stormo, 1999) and used to search both the sample set and 
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the appropriate global promoter set.  In each case, the sequence that had the weakest match in 
the MEME motif search was used to set the minimum PWM score for the global search.  The 
occurrence parameter setting in the original MEME search specifies how hits are counted in 
the global PWM search.  For the “0-1” setting, only the best score per promoter was 
considered.  Pearson’s chi-square tests were then used to compare the sample observations to 
the global expectations in order to judge whether or not the frequencies were significantly 
different (Tables 2-3).  To empirically judge the significance of motifs identified by MEME 
using the “any” method, the best PWM score for each promoter in the global set was 
compared with the alignment matrix cutoff value as described above.  When the best score 
was higher than the cutoff, a hit was recorded and the motif nucleotide codes were each 
replaced with X’s in order to mask the site without disrupting positional information.  The 
PWM search was then repeated until no additional hits could be found.  Z-tests were then 
used to compare the hits per kb frequencies in the sample versus global datasets (Tables 2-3). 
 
To illustrate how empirical evaluation of candidate motifs can help determine which MEME 
results may be most worthy of further examination, consider motif A09 (Table 2).  Relative 
to the 65 Arabidopsis upstream sequences, A09 has a moderately significant occurrence 
probability with a -log (E-value) of 2.7.  However, relative to occurrence statistics in the 
global Arabidopsis promoter set, A09 appears to be slightly underrepresented among the set 
of 65: even though it occurs 46 times within these sequences, the fact that it occurs 23,119 
times in the global dataset, or 0.861 times per kb, leads to a negative Z-statistic (Table 2), 
because by chance one would expect 56 occurrences.  Thus, A09 is not a distinguishing 
feature of the 65 genes studied and is therefore unlikely to be specifically involved in disease 
defense pathways. 
 
Results from the empirical tests can indicate the degree to which a motif may be oversampled.  
For example, the aforementioned R10 has the highest Z-statistic among the five motifs 
detected in the barley to rice case using the “any” method (Table 3).  In this case, 27 
instances of this motif are found among the 7,530 rice upstream sequences searched, with 
three of these occurring among the 16 genes in the sample set.  By acknowledging its high 
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occurrence rate in the sample set relative to its occurrence in the appropriate global dataset, 
use of the empirical method to sift through the predicted motifs calls R10 to our attention.  
Similar results were observed for the within-species use case (Table 2).  All five global 
dataset occurrences for A02 and A05 are found within the sample set.  The probability of this 
occurring by chance is essentially zero for each independent case.  More importantly, these 
results allow for the possibility that these promoters harbor specific cues for regulation by 
complexes of NPR1 and partner proteins. 
 
 
DISCUSSION 
Efficient identification of motifs that are associated with transcriptional regulation can be 
accomplished computationally using either enumerative or probabilistic methods to detect 
over-representation in a dataset relative to chance.  Enumerative methods quantify the 
empirical abundance of all possible motifs of certain sizes in user-supplied sequences 
associated with genes and then compare those occurrence levels to randomly generated 
datasets (Pavesi et al., 2001; Pavesi et al., 2006; Zambelli et al., 2009).  Probabilistic methods 
incorporate properties of the experimental dataset into the search model and typically use 
either an expectation maximization (Bailey and Elkan, 1995; Moses et al., 2004; Bailey et al., 
2006) or a Gibbs sampling approach to search for statistically significant overrepresentation 
(Hughes et al., 2000; Thijs et al., 2002).  Whichever approach is used, computational 
identification of motifs requires: 1) adequate sequence data for a chosen biological context, 2) 
search tools appropriate for the dataset, and 3) carefully constructed statistical tests that 
provide meaningful measures of significance. 
 
Biological contexts for motif searches have ranged widely, mostly according to what 
sequence data were available as substrate.  One approach has been to search a large 
assemblage of promoters from a single species in order to identify consistently present or 
multi-copy elements based on overrepresentation relative to chance (Pavesi et al., 2001).  
However, motifs that occur once per promoter in only a handful of genes are unlikely to be 
discovered using this method.  Another approach has been to search for evolutionarily 
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conserved non-coding sequence by examining individual pairs of orthologous genes from 
related species to see if motifs in their promoters, introns, UTRs, and neighboring intergenic 
sequences are shared (Kaplinsky et al., 2002; Guo and Moose, 2003).  A limitation of this 
approach is that conservation by chance is difficult to distinguish from conservation due to 
functional importance, although outgroup analysis can solve this issue to some degree (Lyons 
et al., 2008).  Finally, focusing directly on potential functional importance is possible for 
several biological contexts, including pathway analysis to determine shared function (Hughes 
et al., 2000) and transcriptomic or proteomic profiling to determine co-expression (Hudson 
and Quail, 2003; Cox et al., 2007; Mockler et al., 2007). 
 
Here we have introduced MGI to provide a combination of functional and evolutionary 
approaches to motif identification, specifically designed to help conduct thorough and 
targeted regulatory element searches.  Spliced comparative alignments with full-length 
cDNAs allow for use of the transcription start site data in analyzing positional information of 
identified cis-regulatory motifs.  Full flexibility in the types of sequence data that are readily 
extractable is provided so that users may search intergenic regions, UTRs, exons, and introns 
for regulatory elements (Figure 1D).  To treat the new statistical considerations that arise 
from combining microarray-to-model genome mining with regulatory element searches, MGI 
provides the necessary analysis files and scripts to perform empirical statistical tests of motif 
significance. 
 
Evaluation of putative motifs detected among NPR1-activated genes 
The Arabidopsis genes whose upstream sequences were searched for putative regulatory 
motifs were chosen because they have been implicated as direct targets of NPR1, and thus 
may share elements associated with their coregulation.  Compared to a control treatment in 
an npr1-3 genetic background, Wang et al. (2005; 2006) showed that these genes were 
upregulated when transgenic NPR1-GR protein was translocated to the nucleus where active 
translation was inhibited by the presence of cylohexamide.  Thus, in order to activate 
transcription of these genes, NPR1 protein should either bind directly to their promoters or 
interact with an existing population of partner proteins that require interaction with NPR1 for 
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DNA-binding.  In the latter case, one might expect to identify a motif in each of the 65 genes, 
whereas in the former case, subsets of the genes might share motifs that act as binding sites 
for the protein partners of NPR1. 
 
Table 2 shows motifs fitting both of these patterns, with A03, A04 and A01 occurring in nine, 
16 and 63 of the 65 promoter regions assayed, respectively.  Of the seven non-redundant 
pictograms (A06, A07 and A08 recapitulate A01, A02 and A03), only A01 is contained in 
the upstream sequences of nearly all (63) of the 65 genes searched (Table 2).  However, 
empirical statistical analysis of the results indicates that this motif is the least significant of 
the five reported using the “0-1” occurrence method (Table 2).  Indeed, the PWM search of 
the upstream sequences for the 30,812 Arabidopsis genes treated by MGI shows that 80% of 
them have a match to the A01 motif (Table 2).  Not surprisingly, A01 contains a 
scaffold/matrix attachment region T-box (SMART-box) element common across eukaryotes 
(Rudd et al., 2004). 
 
Based on their occurrences among the 65 genes, the other four motifs (A02-A05) are 
candidates for binding sites of NPR1 partner proteins, such as the TGA transcription factors 
(Niggeweg et al., 2000; Despres et al., 2003; Kesarwani et al., 2007).  A03 contains the well-
known activation sequence1 (as-1) motif (Lam et al., 1989), which is defined by two 
TGACG elements that are bound by basic/leucine zipper transcription factors of the TGA 
family (Xiang et al., 1997; Johnson et al., 2001).  Partially overlapping with one of these 
repeats is a palindromic C-box element (TGACGTCA), which is known to be bound by 
several different disease-associated transcription factors, including TGA2 in Arabidopsis 
(Cheong et al., 1998; Thibaud-Nissen et al., 2006).  A04 also contains the well-known SEBF 
promoter element that is known to have a role in the regulation of pathogenesis related (PR) 
genes (Boyle and Brisson, 2001). 
 
Clearly, A03 and A04, which are known to specifically regulate defense are of greater 
interest in the context of NPR1 activation than A01, the SMART-box that stimulates 
transcription of most genes in the entire genome.  Notably, the results from the empirical 
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test-statistic method we developed and applied to this use case (Table 3) reflect the same 
conclusion we reached following extensive literature mining to assess the validity of A01, 
A03 and A04.  Similarly, the test statistic results for A06 and A08, which overlap extensively 
with A01 and A03, reveal the same trend.  Together, these functionally validate both the chi-
square- and Z statistic-based methods we developed for empirically assessing the 
significance of motifs identified using the “0-1” and “any” occurrence setting for MEME 
(Bailey et al., 2006). 
 
Since A03 and A04 are known cis-regulatory elements, observing their spatial distributions 
within the upstream sequences in which they were found provides insight into whether or not 
their orientations and positions are critical to their function.  Neither appears to exhibit a 
preferred distance from the transcription or translation start sites, showing relatively even 
distributions within the queried space (Figure 2).  Additionally, the orientations of these two 
elements are quite balanced.  Under the assumption that A03 and A04 are functionally 
important in these genes, the observation that exact positions and orientations appear to not 
be tightly constrained is consistent with spatial analysis results reported in the literature, 
where only about 25% of the motifs tested have shown position specificities (Vardhanabhuti 
et al., 2007; Xie et al., 2005). 
 
Evaluation of motifs detected among putative rice orthologs of barley disease defense 
genes 
Barley is an important crop worldwide with many unique and significant uses (Schulte et al., 
2009).  As an experimental system, barley serves as a diploid model for polyploid wheats 
(Feuillet and Keller, 2002; Schreiber et al., 2009) and as a model host for molecular plant-
microbe interactions due to the wide range of pathogens that attack it with widely varying 
degrees of success.  Despite its agronomic and experimental importance, genome sequencing 
in barley has lagged behind other grasses, primarily due to its large size, about five Gbp, or 
almost eight-fold that of rice (Bennetzen and Kellogg, 1997; Feuillet and Keller, 2002; 
Schulte et al., 2009).  The use of rice as a model genome for barley research is logical, as 
only ~50 million generations of evolutionary divergence separate them (Dubcovsky et al., 
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2001; Kellogg, 2001; Charles et al., 2009), and rice has two well-annotated reference 
genomes already sequenced (Goff et al., 2002; Yu et al., 2002). 
 
If a motif were found to be shared among the promoters of rice genes orthologous to 
coexpressed barley genes beyond what should occur by chance, coordinate regulation of 
these genes in both barley and rice can be inferred and would suggest that the regulatory 
mechanism is sufficiently important to have been conserved through 50 million years of 
evolution in both independent lineages.  Among the pictograms of motifs detected in this 
cross-species test of MGI (Table 3), several known regulatory elements are clearly 
recognizable and thereby attest to the validity of this method.  For example, R01 contains the 
L-box known to regulate transcription of phenylalanine ammonia lyase (Logemann et al., 
1995), which coverts phenylalanine to trans-cinnamic acid, which in turn is required as 
substrate for phenylpropanoid and lignin biosynthesis (Ozeki et al., 2003).  Twelve of the 16 
rice upstream sequences searched contain R01, making it the most significant motif 
according to the empirical test and the MEME E-value (Table 3).  The 12 rice genes 
containing this L-box include chorismate synthase (CS), chorismate mutase (CM), 
anthranilate sythase, cinnamoyl-CoA reductase (CCR), ATP/ADP transporters and methyl 
transferases, all of which were implicated in basal defense against powdery mildew in barley 
(Caldo et al. 2004; 2006; Hu et al. 2009).  Although roles for L-box regulation of PAL and 
chalcone synthase already demonstrated action at multiple levels in a pathway (Logemann et 
al., 1995; Seki et al., 1997), this finding suggests a much broader role for the L-box, 
including regulation of enzymes required for phenylalanine anabolism (CS and CM) and 
catabolism (CCR). 
 
Another recognizable regulatory element involved in mediating disease defense, the SEBF 
motif (Boyle and Brisson, 2001), is embedded in R04 in addition to A04 as discussed above 
(Tables 2 and 3).  The SMART-box element (A01) observed in nearly all of the NPR1-
activated Arabidopsis genes was also observed (R08 and R09) among putative rice orthologs 
of the basal defense genes from barley, further suggesting that the motifs reported here are 
functionally significant. 
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Considerations and caveats for discovery of new motifs using MGI 
While it is important to demonstrate the relevance of the reported motifs through 
comparisons to previously described regulatory elements, discovery of new motifs with 
important functions remains the primary goal for developing MGI.  The two use cases offer 
several promising leads in this regard; R10, A02 and A05 each have compelling pictograms 
and are all present in a high proportion of the tested genes, while occurring very infrequently 
in the global gene set used to test empirical significance (Tables 2 and 3). 
 
R10, which is also detected as R05 using the “0-1” occurrence method (Table 3, 
Supplemental Data Files SD3 and SD4), matches the miniature inverted-repeat 
transposable element (MITE) TEMT02000005 with 97% identity (Ouyang and Buell, 2004).  
At each of the loci where R10 is found, a longer stretch of nucleotides matching this 197 bp 
MITE occurs, with match lengths raning from 72 to 197 bp and identities ranging from 69 to 
168 bases, indicating higher degrees of evolutionary decay outside the R10 motif..  Because 
MITEs have previously been functionally implicated in the regulation of plant genes 
(Ducrocq et al., 2008), we examined the hand-annotated (see methods) set of barley-rice 
orthologs to see if R10 may have an even greater presence in the test set.  Indeed, R10 is also 
present in the upstream region of Os08g24300, the closest rice ortholog of Barley1 probe set 
Contig_12219, which was part of the original test set, but lacked an MGI match due to the 
small size (53 amino acids) of the BLN1 protein it encodes (Meng et al., 2009).  Thus, four 
of the six instances of R10 observed across the 7,530 rice genes in the global test occur in the 
upstream regions of genes orthologous to the putatively co-regulated disease defense genes 
identified by Caldo et al. (2004).  Among the remaining two occurrences of R10, one is in the 
upstream region of Os04g12840, an NB-ARC-LRR type resistance gene.  The same searches 
for known regulatory elements did not provide any disease-associated leads, leaving 
biochemical testing as the next step. 
 
According to the pictograms and results of the empirical tests, A02 and A05 are excellent 
candidates for novel binding elements for NPR1 and/or its partner proteins.  However, as we 
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examined the data more carefully, we noticed that the sets of five genes harboring each of 
these elements were identical, and moreover, stemmed from queries by only two probe sets 
(Supplemental Table ST1).  MGI identified four locally duplicated copies of an O-
methyltransferase gene (At1G21100, At1G21110, At1G21120, At1G21130) as equally 
probable matches for ATH1 probe set 261459_at, revealing a potential pitfall of the approach 
we used.  If a researcher wishes to use only the single best model genome hit for each query, 
this operation is facilitated by alternation of gray versus no highlight according to the input 
gene in the tabular results (Figure 1C), although this reductionist approach carries a 
commensurate type II error risk.  This example demonstrates the difficulties that are inherent 
in automating such an intricate process, and should act as a cautionary tale that urges 
thorough examination for the basis of each potentially significant result obtained using the 
MGI methods described herein. 
 
Conclusions, additional uses and future directions for MGI 
We have demonstrated how the ortholog identification and highly flexible sequence 
extraction functionalities of MGI can be used to accelerate the assembly of data sets that are 
valuable for motif discovery applications, especially those that fuse shared functionality and 
conservation attributes.  Secondly, we have demonstrated how new statistical methods for 
determining significance of detected motifs are useful for creating intuitive benchmarks and 
for avoiding false discoveries that could arise from various data set biases.  The 
characterization of the presence of the L-Box among the majority of the rice genes putatively 
orthologous to the barley disease defense genes demonstrates the value of this multi-step 
process. 
 
MGI has several functionalities whose potential uses have not been discussed.  For example, 
MGI was used to examine the map positions of barley orthologs in rice to discover which fast 
neutron-deleted barley genes were responsible for an elevated necrosis mutant phenotype (Xi 
et al., 2009).  A more elegant implementation of this principle might involve examination of 
sets of genes that share the same eQTL regulator; if all of the orthologs mapped to a single 
genomic locus, one might infer that the underlying allelic polymorphism alters the chromatin 
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structure, such that a cis-eQTL hotspot is observed.  A forward application to investigate how 
such a phenomenon could occur might involve using the mapping function of MGI to 
analyze differentially expressed genes in response to a chromatin deacetylation treatment.  
More obviously though, MGI is quite useful as a de novo genome annotation pipeline to 
create and display genomic to transcript and protein probe alignments in one view, providing 
the resultant models with BLAST annotations and links to gene models in previously 
sequenced reference genomes of related taxa. 
 
Because it is important to avoid false connections between microarray and model genome 
genes during this process, the MGI approach is quite conservative; high connectivity rates 
were only achieved for within-species and narrow cross-species queries.  However, manual 
annotations of more than 100 barley genes in the context of their rice orthology did not reveal 
any mistakes made by the software.  Given these results, an obvious course of action is to 
host additional model genomes.  The next version of MGI implemented at PLEXdb will 
include a model genome for maize, which has recently acquired all three data types required 
by MGI (Schnable et al., 2009; Soderlund et al., 2009; Zhou et al., 2009).  We anticipate that 
implementations for soybean and grape will follow closely, extending the capabilities of 
MGI to rapidly annotate newly sequenced genomes. 
 
 
MATERIALS AND METHODS 
 
Mapping of query probe sets to model genomes 
The goal of MGI is to link gene expression data from one species to the genome locations of 
corresponding genes in a model genome, typically but not necessarily of another species.  
The implementation of this task in MGI involves the following data sets and programs: (1) 
Query probe sets are represented by the (pseudo-) transcripts (often EST assemblies) that 
they are derived from (often called “unigenes”).  This transcript set will be referred to as 
probeU in the following.  (2) The whole genome sequence of a model species (labeled 
modelG in the following).  (3) The identified transcriptome of the model species, as per 
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available full-length cDNAs (set referred to as modelT).  (4) The annotated proteome of the 
model species, represented by the translation products of the annotated protein-coding gene 
structures (set labeled modelP).  (5) GeneSeqer (Usuka et al., 2000; Brendel et al., 2004), a 
spliced alignment program used to map transcripts from probeU to the chromosomes in 
modelG.  (6) BLAST+ (Altschul et al., 1990; Camacho et al., 2009), used to match probeU 
entries to modelT with the BLASTn program and to modelP with the BLASTx program.  
Details of the workflow are given below. 
 
Mapping of probeU onto modelG using GeneSeqer.  In the case that probeU and modelG 
are from the same species (here either Arabidopsis or rice), GeneSeqer was run with 
recommended strict matching parameters (program options -x 15 -y 30 -z 45 -w 0.7).  
Otherwise, parameters for less stringent matching (allowing for more sequence divergence) 
were used (program options -x 12 -y 16 -z 24 -w 0.2).  In both cases, GeneSeqer reported 
matches were only retained if the fulfilled the following criteria: (1) The product of the 
GeneSeqer reported similarity and coverage scores exceeds 0.4, and (2) For each probeU 
entry, non-maximal scoring hits were retained only if their product of similarity by coverage 
scores was at least 90% as good as the score of the maximal scoring match.  (3) If more than 
ten hits satisfied criteria (1) and (2), then only the top ten were retained.  These criteria 
reduce the possibility of chance matches to non-homologous genes, while reporting matches 
to multiple locations in case the homologous genes are represented in a multi-gene family 
and cannot be distinguished reliably. 
 
Matching of probeU to modelT using blastn.  In some cases, direct mapping of probeU 
entries to the model genome modelG may fail because too much sequence divergence does 
not allow reliable matching to loci on the whole genome scale.  As a complementary 
approach, probeU entries were compared to the smaller search space provided by known 
model transcripts (modelT) using BLASTn.  Hits were retained if the reported E-value was 
less than 1e-20. 
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Matching of probeU to modelP using BLASTx.  The ProbeU entries were also compared 
to annotated model protein sequences (modelP) using BLASTx.  Hits were retained under 
the same criteria as for the BLASTn search described above. 
 
Consolidation of matches.  Inclusion in the MGI data set requires a GeneSeqer alignment to 
the model genome.  In cases when the BLAST+ searches indicated matches for a probeU 
entry that did not get aligned in the initial GeneSeqer run, then GeneSeqer was re-run for that 
entry using less stringent matching conditions (program options -x 12 –y 12 –z 12).  
Depending on the comparison being made, this re-analysis loop can result in a significant 
improvemnet in numbers of matched gene models, although the lower matching threshold 
can also reduce the reliability of ortholog assignment.  The PLEXdb implementation of MGI 
provides an output table detailing the quality scores of all matches and gives the user the 
ability to exclude any of the reported matches for further analysis. 
 
Software availability 
The MGI software package consists of scripts to construct data sets for genome interrogation 
and Perl-CGI code to allow Web browsers to execute search, tabular display, graphical 
visualization, and sequence retrieval tools on a Web server.  MGI data set construction 
requires preinstallation of local versions of GeneSeqer (Usuka et al., 2000; Brendel et al., 
2004), available at http://brendelgroup.org/bioinformatics2go/GeneSeqer.php, BLAST+ 
(Altschul et al., 1990; Camacho et al., 2009), available at 
ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/, and PERL v5.6.1 or later, 
available at http://www.perl.org/.  To host a web implementation of MGI, the CGI and GD 
packages of PERL are also required.  All MGI scripts and code are available for download at 
(http://www.plexdb.org/modules/MGI/software). 
 
Implementation of MGI at PlexDB 
The MGI web interface at PLEXdb (http://www.plexdb.org/modules/MGI/ ) provides pre-
computed dataset that match 14 microarray probe sets (listed in Table 1) to both the 
Arabidopsis genome (TAIR v10.0) and the rice genome (MSU VER6.1).  Data sets and 
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mapping are periodically updated and expanded.  The CPU-intensive step involves the 
spliced alignment of probeU to modelG, which takes several days to run on a modest-size 
cluster. 
 
Motif searching and comparisons to known cis-regulatory elements 
MEME (Bailey et al., 2006) was used for all searches for potential motifs.  Motif length was 
set to be in the range 6 to 25 bases, a typical length for transcription factor binding sites.  
Program options were set to search for either “0-1” occurrences per sequence or “any” 
number of repetitions.  Therefore, each set of promoters was searched twice.  For each search, 
the top five motif results are reported, ordered according to their significance as judged by 
the E-value from MEME (Tables 2 and 3, Supplemental Data Files SD1-SD4).  In order to 
compare MEME-reported motifs with known motifs, consensuses sequences of the predicted 
motifs were used as queries to search the plant cis-regulatory element database (PLACE) 
using the "Signal Scan Search" tool (Higo et al., 1999).  In addition, TOMTOM was used to 
scan the JASPAR and TRANSFAC databases to find known motifs with high similarity to 
the motifs detected in our use cases (Gupta et al., 2007). 
 
Use case dataset construction 
Arabidopsis genes activated by NPR1 were used as MGI queries to retrieve gene models and 
sequence data.  The tabular search results including alignment and annotation details are 
provided in Supplemental Table ST1, with gene models displayed in Supplemental Data 
File SD5.  The sequences retrieved were used for motif searching are provided in 
Supplemental Data File SD6.  The analogous set of files for the cross-species use case is 
also provided (Supplemental Table ST2; Supplemental Data Files SD7 and SD8). 
 
Manual construction of gene models 
Comparative gene models using rice sequence data were built for more than 100 Barley1 
probe sets in order to improve PCR designs for recovery of cDNA ends.  EST assemblies for 
each probe set were identified using HarvEST so that more barley sequence could be used to 
predict gene structure and to identify rice homologs (Close et al., 2008).  We used this 
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curated set of gene models to test the performance of MGI in identifying putative orthologies 
between barley and rice genes.  In all cases where MGI found a match, the same match was 
found by manually.  However, there were cases where MGI failed to identify a match that 
could be found manually.  Most of these were due to availability of data types for a gene, but 
in one case, the differing strength of match requirements for MGI versus manual curation 
caused the discrepancy.   Due to its small size (BLU1 has 53 amino acids), no rice homolog 
for Contig_12219_at was found by MGI as was discussed above (Supplemental Table ST2). 
 
Data Access 
All novel materials described in this publication have been made available for non-
commercial research purposes subject to the requisite permission from any third-party 
owners of all or parts of the material.  Obtaining any permissions will be the responsibility of 
the requestor. 
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Figures 
 
 
Figure 1.  Collage of web interface panels from the PLEXdb implementation of MGI.  On 
the input page (A), users select the source microarray and model genome, paste a gene list 
into the text field, select output preferences, and submit the query.  Map (B) and tabular (C) 
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outputs then display genomic positions and provide detatiled annotations with direct links to 
genome browsers. Users may further evaluate the  putative orthologies using the gene model 
display page (D), where they may also specify the FASTA (E) sequences (promoters, exons, 
introns and UTRs) to extract from their selected gene models. 
 
 
Figure 2.  Spatial distribution of two known motifs found in Arabidopsis genes.  The 
positions of (A) the activation sequence1 motif and (B) the SEBF promoter element  are 
displayed relative to the transcription and translation start sites of the NPR1- activated genes 
in which they were detected using the 0-1 occurrence method in MEME. These motifs 
correspond to A03 and A04 in Table 2. 
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Tables 
Table 1.  Extent of connectivity for 28 microarray-to-model genome interrogations supported 
by PLEXdb 
Loci matched via GeneSeqerb Structural evidence for modelsc 
Microarray # array genes Model
a
 
≥ 1 = 1 = 2 > 2 any both modelP modelT 
 
 
 
        A.t. 22,716 21,525 736 455 21,900 18,228 3,283 389 ATH1 22K 22,746 O.s. 6,502 4,456 1,352 694 6,490 1,787 4,685 18 
  
 
        A.t. 18,980 13,843 3,831 1,306 18,831 7,641 11,126 64 Poplar 61K 61,251 O.s. 11,070 7,871 2,146 1,053 10,967 3,502 7,384 81 
  
 
        A.t. 4,265 2,952 965 348 4,169 1,945 2,198 26 Grape 16K 16,436 O.s. 3,171 2,067 660 444 3,134 1,324 1,723 87 
  
 
        A.t. 3,383 2,242 778 363 3,356 1,502 1,833 21 Tomato 10K 10,038 O.s. 2,088 1,368 473 247 2,076 832 1,216 28 
  
 
        A.t. 9,663 6,848 2,056 759 9,593 3,746 5,769 78 Soybean 61K 37,641 O.s. 6,925 4,796 1,389 740 6,887 2,404 4,392 91 
  
 
        A.t. 13,580 9,537 2,828 1,215 13,430 4,925 8,421 84 Medicago 61K 61,103 O.s. 7,450 5,205 1,429 816 7,391 2,255 5,061 75 
           A.t. 91 58 29 4 84 43 38 3 Rice 45K* 63,541 O.s. 62,087 57,922 2,614 1,551 56,926 22,195 24,024 10,707 
           A.t. 6,766 4,566 1,480 720 6,727 1,904 4,796 26 Rice 57K 57,194 O.s. 54,184 50,632 2,120 1,432 50,587 30,536 17,017 3,034 
           A.t. 3,368 2,182 790 396 3,321 1,107 2,182 32 Barley1 22K 21,264 O.s. 12,240 9,955 1,498 787 12,135 10,029 1,739 367 
           A.t. 4,948 3,285 1,216 447 4,871 1,389 3,320 162 Wheat 61K 61,115 O.s. 26,511 21,499 3,398 1,614 26,179 20,054 4,364 1,761 
           A.t. 1,671 992 437 242 1,654 657 986 11 Sugarcane 8K 8,224 O.s. 5,024 3,989 726 309 4,982 4,299 520 163 
           A.t. 887 556 248 83 869 250 575 44 Maize 8K 8,475 O.s. 4,162 3,279 586 297 4,048 3,193 602 253 
           A.t. 3,237 2,042 832 363 3,204 1,185 2,005 14 Maize 18K 17,555 O.s. 11,162 9,073 1,567 522 11,049 9,395 1,409 245 
           A.t. 7,552 5,040 1,719 793 7,474 2,067 5,274 133 Maize 58K* 57,452 O.s. 33,219 26,920 4,539 1,760 32,780 25,261 6,266 1,253 
  
 
        
 
a
 Arabidopsis (A.t.) or rice (O.s.) is listed as the model genome.  Bold typeface indicates which species is 
evolutionarily closer to the query taxon. 
b
 Numbers of array genes that match at least one, exactly one, exactly two, and more than two model 
genome loci using GeneSeqer. 
c Extent of model gene evidence for matched loci provided by modelP and/or modelT (any), modelP and 
modelT (both), modelP only, and modelT only data sources. 
*
 Indicates a long-oligo array, whereas all others are Affymetrix GeneChips. 
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Table 2.  Detection and statistical analysis of six- to 25-nucleotide motifs identified in 
promoters of Arabidopsis genes activated by NPR1. 
IDa Pictogramb -log EV
c
 
(Method) 
Hitsd 
(%) 
PWM hitse 
(Frequency) 
Test Stat.f 
(P-value) 
A01 
 
32.5 
(0-1) 
63 
(97) 
24,598      
(0.808) 
10.91 
(9.56e-04) 
A02 
 
3.7 
(0-1) 
5 
(8) 
5      
(0.000) 
2332.86 
(0) 
A03 
 
2.8 
(0-1) 
16 
(25) 
110     
(0.004) 
1062.38 
(0) 
A04 
 
-0.6 
(0-1) 
9 
(14) 
88      
(0.003) 
414.61 
(0) 
A05 
 
-1.5 
(0-1) 
5 
(8) 
5      
(0.000) 
2332.86 
(0) 
A06 
 
30.6 
(any) 
52 
(55) 
13,386      
(0.499) 
4.23 
(2.34e-05) 
A07 
 
3.9 
(any) 
5 
(8) 
5      
(0.000) 
47.83 
(0) 
A08 
 
2.7 
(any) 
11 
(15) 
19      
(0.001) 
53.87 
(0) 
A09 
 
2.4 
(any) 
46 
(37) 
23,119      
(0.861) 
-0.61 
(0.54) 
A10 
 
0.2 
(any) 
14 
(12) 
329      
(0.012) 
15.69 
(0) 
 
a
 Motif identifiers used here are only for the purposes of communicating examples in the text. 
b
 For each base position in a motif, the pictogram graphically displays the relative proportions of each base 
observed. 
c
 The probability for chance observation of the motif is given as an E-Value by MEME.  The best five 
motifs using the “0-1” and “any” motif search parameters are reported here. 
d
 The number of times the motif was observed in the dataset and the % of the 65 Arabidopsis genes in 
which it was found are indicated. 
e As a means to assess empirical frequency of a motif, position weight matrix searches were conducted on 
the promoters of the 30,452 A. thaliana genes that have matches to the ATH1 GeneChip.  The sum 
length of these promoters was 26,844kb.  The number of times the motif was observed in the dataset is 
indicated, with frequencies reported on a per promoter or per kb basis for motifs originally detected with 
the “0-1” and “any” methods, respectively. 
f 
 Significance assessments were performed on observed “0-1” and “any” results compared to global 
expectations derived from PWM analyses using Chi-square and Z tests, respectively. 
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Table 3.  Detection and statistical analysis of six- to 25-nucleotide motifs identified in 
promoters of rice genes homologous to coordinately regulated barley disease defense genes. 
IDa Pictogramb -log EV
c
 
(Method) 
Hitsd 
(%) 
PWM hitse 
(Frequency) 
Test Stat.f 
(P-value) 
R01 
 
17.1  
(0-1) 
12   
(75) 
353        
(0.047) 
177.03 
(0) 
R02 
 
9.7 
(0-1) 
16 
(100) 
3,898      
(0.518) 
14.90 
(1.13e-04) 
R03 
 
6.2 
(0-1) 
13  
(81) 
1,839      
(0.244) 
27.99 
(1.22e-07) 
R04 
 
4.7 
(0-1) 
11 
(69) 
1,553      
(0.206) 
22.64 
(1.95e-06) 
R05 
 
2.4 
(0-1) 
7 
(44) 
210      
(0.028) 
99.02 
(0) 
R06 
 
65.4 
(any) 
50 
(69) 
8,186         
(1.134) 
7.92 
(2.44e-15) 
R07 
 
26.2 
(any) 
32  
(63) 
4,192      
(0.581) 
7.82 
(5.32e-15) 
R08 
 
6.4 
(any) 
20 
(56) 
2,429      
(0.337) 
6.60 
(4.11e-11) 
R09 
 
1.7 
(any) 
7 
(25) 
190      
(0.026) 
10.45 
(0) 
R10 
 
-0.6 
(any) 
3 
(19) 
27      
(0.004) 
12.36 
(0) 
 
a
 Motif identifiers used here are only for the purposes of communicating examples in the text. 
b
 For each base position in a motif, the pictogram graphically displays the relative proportions of each base 
observed. 
c
 The probability for chance observation of the motif is given as an E-Value by MEME.  The best five 
motifs using the “0-1” and “any” settings for the motif occurrence parameter are reported. 
d
 The number of times the motif was observed in the dataset and the % of the 16 rice genes in which it was 
found are indicated. 
e As a means to assess empirical frequency of a motif, position weight matrix searches were conducted on 
the promoters of the 7,530 rice genes that have putative orthologs on the Barley1 GeneChip.  The sum 
length of these promoters was 7,218kb.  The number of times the motif was observed in the dataset is 
indicated, with frequencies reported on a per promoter or per kb basis for motifs originally detected with 
the “0-1” and “any” methods, respectively. 
f 
 Significance assessments were performed on observed “0-1” and “any” results compared to global 
expectations derived from PWM analyses using Chi-square and Z tests, respectively. 
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Supplemental Tables 
Supplemental Table 1.  Tabular MGI output for connection of Arabidopsis genes activated 
by NPR1 to their genomic loci and gene models. 
Supplemental Table 2.  Tabular MGI output for connection of coordinately regulated barley 
disease defense genes to their putative rice orthologs. 
 
Supplemental Data Files 
Supplemental Data File 1.  MEME outputs for the within-species use case showing motif 
search results for 0-1 motif occurrence option. 
Supplemental Data File 2.  MEME outputs for the within-species use case showing motif 
search results for any motif occurrence options. 
Supplemental Data File 3.  MEME outputs for the cross-species use case showing motif 
search results for 0-1 motif occurrence option. 
Supplemental Data File 4.  MEME outputs for the cross-species use case showing motif 
search results for any motif occurrence option. 
Supplemental Data File 5.  Graphical models of gene structures for each Arabidopsis probe 
set used a s a query.  These models show how the gene models were chosen for sequence 
extraction for the within-species use case. 
Supplemental Data File 6.  FASTA-formatted Arabidopsis sequences extracted from 
regions within 1 kb upstream of the translation start sites for the genes that are targets of 
NPR1.  These are the exact sequences used in the motif searches for the within-species 
use case. 
Supplemental Data File 7.  Graphical models of comparative gene structure for each barley 
gene query shown together with its putative rice ortholog.  These models show how the 
rice genes were chosen for sequence extraction for the cross-species use case. 
Supplemental Data File 8.  FASTA-formatted rice sequences extracted from regions within 
1 kb upstream of the translation start sites for the genes identified by MGI using barley 
disease defense genes as queries.  These are the exact sequences used in the motif 
searches for the cross-species use case. 
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Supplemental Table 1. Tabular MGI output for connection of Arabidopsis genes activated by NPR1 to their genomic loci and gene models. 
Information about the gene from the query taxon GeneSeqer results for match to model genome Results of BlastX against modelP Results of Blastn against modelT 
Input_ 
Gene Length Truncated PLEXdb annotation Chr Chr_Start Chr_End Similarity Coverage Best Protein E_value Identity 
Best 
FL-cDNA E_value Identity 
245035_at 600 DHK-methylthiopentene dioxygenase 1 2 11240352 11239136 1 1 AT2G26400.1 1.00E-119 199/199 34365620.1 0 600/600 
256593_at 1593 Protein At3g28540 3 10686893 10688485 1 1 AT3G28510.1 0 530/530 20466451.1 0 1593/1593 
266385_at 486 Pathogenesis-related protein 1  2 6249511 6249026 1 1 AT2G14610.1 4.00E-95 161/161 166860.1 0 486/486 
249890_at 864 Probable WRKY transcription factor 38 5 7496704 7495611 1 1 AT5G22570.1 1.00E-172 287/287 17064161.1 0 864/864 
250942_at 825 Protein kinase-like 5 816627 815803 1 1 AT5G03350.1 1.00E-161 274/274 - - - 
266376_at 900 hydrolase protein 10 precursor  2 6251971 6253092 1 1 AT2G14620.1 0 299/299 17979370.1 0 900/900 
254771_at 588 Os09g0364800 protein 4 7781778 7782549 1 1 AT4G13380.1 1.00E-109 195/195 - - - 
260904_at 384 NIMIN-1 protein 1 498435 498052 1 1 AT1G02450.1 2.00E-68 127/127 12057153.1 0 384/384 
264933_at 540 weakly similar to UniRef100_A5DIH6  1 22549872 22548684 0.998 0.996 AT1G61160.1 4.00E-99 177/177 - - - 
263893_at 594 Probable WRKY transcription factor 59 2 9343302 9340874 1 1 AT2G21900.1 1.00E-100 170/171 17980961.1 0 492/510 
249893_at 288 unknown protein 5 7489453 7490299 1 1 AT5G22555.1 8.00E-53 95/95 21405737.1 1.00E-137 278/288 
266383_at 486 Pathogenesis related protein 1 2 6233270 6232785 1 1 AT2G14580.1 2.00E-94 161/161 17529119.1 0 485/486 
257382_at 1041 At2g40750 2 17009432 17007714 1 1 AT2G40750.1 0 346/346 16798363.1 0 1039/1041 
265067_at 453 At1g03849 1 977684 977232 1 1 AT1G03850.2 1.00E-83 150/150 110736836.1 0 453/453 
264129_at 255 unknown protein  1 29787515 29787166 1 1 - - - - - - 
264129_at 255 unknown protein  3 10664641 10664285 0.925 1 - - - 124482578.1 9.00E-94 221/237 
264129_at 255 unknown protein  5 16136862 16136606 0.899 1.008 - - - - - - 
256766_at 246 Hypothetical protein At3g22220 3 7846570 7846087 1 1 AT3G22231.1 6.00E-45 81/81 14335055.1 1.00E-137 246/246 
257363_at 840 unknown protein  2 18854822 18852875 1 1 AT2G45760.1 1.00E-115 200/200 30350858.1 0 596/600 
253181_at 1371 Amino acid permease-like protein 4 16740324 16738522 1 1 AT4G35180.1 0 456/456 109946628.1 0 1371/1371 
256252_at 1344 Glucosyl transferase, putative 3 3556734 3558155 1 1 AT3G11340.1 0 447/447 111074381.1 0 1344/1344 
260278_at 708 Probable WRKY transcription factor 67  1 30302048 30301102 1 1 AT1G80590.1 1.00E-139 235/235 - - - 
257745_at 954 AT3g29240/MXO21_9 3 11193017 11194105 1 1 AT3G29240.1 0 317/317 19310483.1 0 954/954 
266867_at 1101 Chloroplast SRP receptor homolog,  2 18858322 18860476 1 1 AT2G45770.1 0 366/366 13430425.1 0 1101/1101 
266247_at 2157 DC1 domain-containing protein 2 11807927 11805771 1 1 AT2G27660.1 0 718/718 - - - 
259443_at 819 unknown protein  1 473116 472138 1 1 AT1G02360.1 1.00E-165 272/272 110743002.1 0 819/820 
257697_at 1320 Chloroplast nucleoid binding protein 3 4037209 4039050 1 1 AT3G12700.1 0 439/439 17979391.1 0 1320/1320 
253485_at 933 WRKY transcription factor 18 4 15383302 15384818 1 1 AT4G31800.1 1.00E-179 310/310 110743024.1 0 933/933 
248971_at 1116 Hypothetical protein At5g45000 5 18182654 18183977 1 1 AT5G45000.1 0 364/371 62320507.1 0 591/591 
252639_at 1209 none 3 16149047 16151325 1 1 AT3G44550.1 0 400/401 110736754.1 0 1196/1197 
256617_at 159 Gb|AAD15386.1 3 7864507 7863755 1 1 AT3G22240.1 2.00E-25 52/52 124301107.1 1.00E-85 159/159 
249777_at 1053 Gb|AAD29063.1 5 8217880 8219469 1 1 AT5G24210.1 0 350/350 110742243.1 0 1052/1053 
251232_at 897 Shock protein SRC2-like 3 23233900 23233004 1 1 AT3G62780.1 1.00E-176 298/298 - - - 
250633_at 657 Peptide methionine sulfoxide reductase  5 2361886 2360845 1 1 AT5G07460.1 1.00E-129 218/218 110743906.1 0 656/658 
254231_at 975 Probable WRKY transcription factor 53 4 12393749 12392676 1 1 AT4G23810.1 0 324/324 110735860.1 0 975/975 
262050_at 918 weakly similar to UniRef100_A7QIP2  1 30147370 30146142 1 1 AT1G80130.1 1.00E-178 305/305 14334635.1 0 918/918 
265161_at 1896 vacuolar sorting receptor 1 10997256 11000524 1 1 AT1G30900.1 0 631/631 - - - 
248309_at 1386 Similarity to unknown protein 5 21340928 21338898 1 1 AT5G52540.1 0 461/461 17064941.1 0 1386/1386 
247604_at 615 COBRA-like protein 5 precursor 5 24545231 24544383 1 1 AT5G60950.1 1.00E-119 204/204 38566615.1 0 614/615 
252511_at 1116 Hypothetical protein At3g46270 3 17019392 17017842 1 1 AT3G46280.1 0 371/371 26450305.1 0 1114/1114 
Italics are used for each case where a gene identifier (probe set name) used as a query reults in multiple equivalaently good orthologue predictions. 
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Supplemental Table 1 (continued) 
Information about the gene from the query taxon GeneSeqer results for match to model genome Results of BlastX against modelP Results of Blastn against modelT 
Input_ 
Gene Length Truncated PLEXdb annotation Chr Chr_Start Chr_End Similarity Coverage Best Protein E_value Identity 
Best 
FL-cDNA E_value Identity 
250775_at 1920 hydrolase, acting on glycosyl bonds 5 1615616 1618967 1 1 AT5G05460.1 0 620/670 - - - 
259671_at 1530 Putative receptor protein kinase PERK1 1 19476031 19473920 1 1 AT1G52290.1 0 509/509 44917590.1 0 1529/1530 
249754_at 1026 Flavanone 3-hydroxylase-like protein  5 8378967 8383157 1 1 AT5G24530.1 0 341/341 14423475.1 0 1025/1026 
262455_at 1722 MLO-like protein 2 1 3803870 3800899 1 1 AT1G11310.1 0 573/573 110740993.1 0 1722/1722 
253182_at 687 Lysine decarboxylase-like protein 4 16746729 16748095 1 1 AT4G35190.1 1.00E-129 228/228 111074283.1 0 687/687 
260731_at 3657 ATPase 1 6018750 6023194 1 1 AT1G17500.1 0 1211/1218 - - - 
265837_at 624 Hypothetical protein At2g14560 2 6221232 6222252 1 1 AT2G14560.1 1.00E-117 207/207 17979320.1 0 623/624 
251705_at 885 Probable WRKY transcription factor 70 3 20921388 20920061 1 1 AT3G56400.1 1.00E-174 294/294 14532617.1 0 885/885 
245148_at 1536 At2g45220/F4L23.27 2 18653468 18651355 1 1 AT2G45220.1 0 511/511 13605695.1 0 1536/1536 
252098_at 1590 pepsin A 3 19067131 19064459 1 1 AT3G51330.1 0 529/529 11993858.1 0 1587/1590 
267147_at 1062 Putative anthocyanidin synthase 2 16021744 16019801 1 1 AT2G38240.1 0 353/353 17065133.1 0 1062/1062 
266119_at 234 Protease inhibitor II 2 528396 528884 1 1 AT2G02100.1 2.00E-42 77/77 16426.1 1.00E-130 234/234 
256589_at 1530 Cytochrome P450-like protein 3 10791789 10790001 1 1 AT3G28740.1 0 509/509 15292830.1 0 1530/1530 
261459_at 1122 T22I11.4 protein 1 7388307 7386980 1 1 AT1G21100.1 0 373/373 12744974.1 0 1122/1122 
261459_at 1122 T22I11.4 protein 1 7391408 7390099 0.93 1 AT1G21110.1 0 354/373 12744974.2 0 1122/1122 
261459_at 1122 T22I11.4 protein 1 7400459 7399159 0.93 1 AT1G21130.1 0 358/373 12744974.3 0 1122/1122 
264119_at 885 YUP8H12R.21 protein 1 29791402 29792482 1 1 AT1G79180.1 1.00E-174 294/294 41619179.1 0 885/885 
257613_at 1413 Polygalacturonase 3 9778262 9781504 1 1 AT3G26610.1 0 470/470 26450319.1 0 1413/1413 
245362_at 849 Homeobox-leucine zipper protein HAT1 4 9739874 9740995 1 1 AT4G17460.1 1.00E-161 282/282 110737100.1 0 849/849 
266214_at 3648 weakly similar to UniRef100_Q9LQH2  2 2795094 2799270 1 1 - - - - - - 
266214_at 3648 weakly similar to UniRef100_Q9LQH2  1 15512069 15523078 0.902 0.999 - - - - - - 
259940_at 600 none 1 26876305 26876904 1 1 AT1G71290.1 1.00E-118 199/199 - - - 
248319_at 1356 none 5 21392979 21395067 1 1 AT5G52710.1 0 451/451 - - - 
259089_at 1812 hypothetical protein 3 1373825 1375775 1 1 AT3G04960.1 0 556/556 42464418.1 0 1686/1693 
248859_at 918 none 5 18949408 18950325 1 1 AT5G46660.1 0 305/305 91807001.1 0 918/918 
247578_at 1674 UniRef100_Q9FLK3 Cluster 5 24670002 24668131 1 1 AT5G61300.1 0 557/557 - - - 
266198_at 900 unknown protein 2 16248312 16249726 1 1 AT2G38890.1 1.00E-169 298/299 - - - 
254552_at 3909 weakly similar to UniRef100_A7P2U1  4 10791443 10786958 1 1 AT4G19900.1 0 1302/1302 - - - 
248509_at 225 Predicted protein 5 20506841 20506617 1 1 AT5G50335.1 9.00E-39 74/74 26452156.1 1.00E-125 225/225 
Missing: None 
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Supplemental Table 2. Tabular MGI output for connection of coordinately regulated barley disease defense genes to their putative rice orthologues. 
Information about the gene from the query taxon GeneSeqer results for match to model genome Results of BlastX against modelP Results of Blastn against modelT 
Input_Gene Length Truncated PLEXdb annotation Chr Chr_Start Chr_End Similarity Coverage Best Protein E_value Identity Best FL-cDNA E_value Identity 
Contig11969_at 1161 OSJNBa0090O10.1 10 19404598 19395740 0.773 0.882 LOC_Os10g36848.1 1.00E-133 242/322 - - - 
Contig15515_at 685 Disease resistance protein 7 25467873 25469109 0.691 0.788 LOC_Os07g42570.1 3.00E-38 91/183 - - - 
Contig1271_x_at 1370 Putative AdoMet synthase 2 1 12347958 12346339 0.854 0.684 LOC_Os01g22010.1 1.00E-148 247/267 1778820.1 0 693/799 
Contig2168_s_at 1785 Serine hydroxymethyltransferase 11 14936532 14939375 0.915 0.803 - - - 32981564.1 0 1316/1436 
Contig24175_at 564 UniRef100_UPI000034EE33 5 22075860 22076429 0.836 0.594 LOC_Os05g37820.1 4.00E-46 88/97 37990171.1 4.00E-82 226/250 
Contig4728_at 2202 none 1 26408976 26404965 0.82 0.942 LOC_Os01g45910.1 0 542/644 32979648.1 0 1287/1472 
Contig5108_s_at 695 Putative chorismate synthase 3 8158213 8157037 0.864 0.612 LOC_Os03g14990.1 3.00E-70 124/139 32985059.1 1.00E-110 330/373 
HY07P02u_at 606 none 3 8683693 8682123 0.829 0.936 LOC_Os03g15780.1 8.00E-77 140/150 32983524.1 1.00E-114 387/447 
Contig7815_s_at 726 OSJNBa0029H02.14 4 24779478 24781365 0.855 0.729 LOC_Os04g42250.1 3.00E-92 161/174 32982551.1 1.00E-122 450/526 
Contig7815_s_at 726 OSJNBa0029H02.14 2 24077942 24078459 0.817 0.713 LOC_Os02g39850.1 9.00E-88 152/173 - - - 
Contig14426_at 701 Cinnamoyl CoA reductase 8 21377641 21373883 0.773 0.602 LOC_Os08g34280.1 5.00E-54 102/143 32982895.1 2.00E-34 170/202 
Contig14426_at 701 Cinnamoyl CoA reductase 9 15077039 15075463 0.757 0.598 LOC_Os09g25150.1 8.00E-54 104/143 - - - 
Contig20247_at 381 Anthranilate N-benzoyltransferase 9 21464179 21464537 0.869 0.942 LOC_Os09g37200.1 6.00E-57 102/119 - - - 
Contig20247_at 381 Anthranilate N-benzoyltransferase 9 21451139 21451522 0.81 1.008 - - - - - - 
Contig7705_at 1441 Putative chorismate mutase 1 32501516 32498879 0.862 0.584 LOC_Os01g55870.1 1.00E-129 244/319 116638931.1 0 669/768 
Contig20954_at 630 similar to UniRef100_Q10EM3  3 31659900 31660309 0.834 0.651 LOC_Os03g55704.1 4.00E-56 106/126 - - - 
Contig19088_at 895 Hypothetical protein 5 28103461 28105156 0.779 0.704 - - - 32984850.1 5.00E-33 168/200 
Missing:  Contig12219_at, Contig15413_at, Contig15861_at, Contig8605_s_at, HV_CEb0004O15r2_s_at, HT09O03u_s_at, Contig20747_at, Contig15798_at, HI15L07r_s_at, Contig22115_at, 
Contig14507_at 
Italics are used for each case where a gene identifier (probe set name) used as a query reults in multiple equivalaently good orthologue predictions. 
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CHAPTER 5. CONCLUSIONS 
 
In this study, we investigated three aspects of comparative genomics: 1) to give an 
overview of plant genomic features; 2) to find tissue- and host-species genes or clusters 
by comparing highly conserved genomes but still of species with very distinct properties; 
3) to detect cis-regulatory elements with cross-species homolog information. 
 
First, we developed a standard pipeline to derive variety of DNA sequences from the 
standard FAST-format genome sequences and GFF-format annotation files. Those 
derived sequences include gene, mRNA, CDS, exon, intron, upstream, downstream, and 
intergenic sequences. The features of those derived sequences were studied for all ten 
plant species. The length of most introns is around 80 bps. However the percentage varies 
based on the species and the location of introns. Arabidopsis has a large number of intron 
in this range compared with other species. In general, introns in 5’-UTR are longer than 
introns in CDS or 3’-UTR for all ten plant species. The preferred intron location is CDS 
with about 3 introns per kb. 5’-UTR follows up with 1.3 introns per kb. It’s rare to find 
introns in 3’-UTR. Even if, in the UTR, introns are not evenly distributed and more likely 
to be close to translation start site and translation stop site. The length distribution of 
internal exons is much conserved for all ten species. The GC-skew and AT-skew show 
strong purine preference in the 1st position of codon. Cytosine and Thymine dominate the 
2nd and 3rd positions in GC- and AT-skew respectively. And also the GC-skew in the 3rd 
position can be classified into two group based on the species. All monocots are closed to 
symmetric. Meanwhile all dicots are skew left. When intergenic sequences are short, the 
orientation of flanking genes show a different pattern compared with the whole genome-
wide, which is randomly distributed. Besides those genomic features, the annotation 
quality was estimated by ckecking the percentage of genes with 5’-UTR/3’-UTR (GUTR) 
and the percentage of genes with alternative splicing (AS) events. Arabidopsis and maize 
are two species with the highest GUTR and AS ratio. Lotus has information neither on 
GUTR, nor AS, Therefore it’s considered as poorly annotated. 
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To investigate the tissue- and host-specificity, six pathogenesis-associated gene clusters 
from eight Xanthomonas strains were studied. The multiple alignments show most 
clusters are much conserved among all Xanthomonas strains. However, the xcs cluster is 
missing in all rice pathogens; the lps cluster shows huge diversity cross all strains. The 
further Ka/Ks study shows that only three genes, hpaP, hpaA, and hrpE are under 
positive selection. Most genes are conserved and under purifying selection. Besides, 
those six gene clusters within the eight strains, we also performed genome-wide ortholog 
and paralog searching and clustering within all ten strains available to find strain-, tissue-, 
and host-specific genes. Finally, we found 36 vascular-specific genes and 11 non-
vascular specific genes. There is only one gene present in all vascular strains, but absent 
in all non-vascular strains. The function of this gene is RecF/RecN/SMC N terminal 
domain protein. The BLAST search against the non-vascular genome eliminates the 
possibility of mis-annotation. Meanwhile 97 monocot-specific genes and 330 dicot-
specific genes were detected and listed in the project website associated with annotated 
functions, protein lengths, and the similarity against the genomes which have no homolog 
in all annotated genes. 
 
We presented an online tool to map probe set consensus sequences on model 
genomes in batches, to visualize gene and its homolog structures, and to retrieve user-
interested sequences. Besides the online tool, we also proposed a pipeline to detect cis-
regulatory elements based on the sequences derived from the tool above. We tested the 
pipeline with two user cases including within-species (Arabidopsis genes onto 
Arabidopsis genome) and cross-species (barley genes onto rice genome). For the within-
species case, we successfully found several motifs including as-1 and SEBF, which have 
been confirmed by previous study. For the cross-species case, we discovered several 
novel motifs.  
 
In conclusion, this work has contributed several useful pipelines to generate well-
defined datasets, and to discover cis-regulatory elements. And the thesis provides an 
overview and plant genomes, compares several pathogenesis-associated clusters from 
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Xanthomonas, discovers some host- and tissue-specific genes, and presents an online tool to map 
genes onto model genome and visualize gene structures. 
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